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The unusually rapid rate of molecular weight growth in high temperature pyrolysis and
oxidation of hydrocarbons has presented a substantial challenge to kineticists.
Although there has been progress recently in characterization of the rapid rate of
growth, attempts to accurately model the process have been only partially successful.
For example, the extensive study of Frenklach et al! required rate constants for radical
addition reactions which are several orders of magnitude larger than usually observed
for these types of reactions.

There appear to be three possible pathways to rapid molecular growth:

(1) Diels-Alder cycloadditions reactions

(2) lon-molecule reactions with their very large rate constants

(3) Radical addition to unsaturates
A major difficulty with (1) is that the equilibrium constants for this type of reaction
suggest that the cyclic product would tend to dissociate to the linear fragments at high
temperatures where the fast growth is observed. lonic mechanisms are suspect since
rapid growth is observed under pyrolytic conditions where the ion concentration would
be expected to be extremely low. By default, then, our attention (like Frenklach et al)
have focussed upon radical addition reactions. Previously, we demonstrated? that
new reaction channels could open up at higher temperatures in chemically-activated
reactions like those involving radical addition to unsaturates.

The methane pyrolysis data of Back and Back® provided an opportunity to see if
properly accounting for chemical activation might explain the observed sharp increase
in rate of reaction at very low extents of conversion at temperatures near 1000K. It was
possible to explain the observed acceleration® and to demonstrate that a critical
feature of the mechanism was the very rapid production of cyclopentadiene via
chemically-activated pathways. These chemically-activated adducts have enough
internal energy to react unimolecularly before collisional stabilization can occur; this
significantly increases the overall rate of production of heavier species because no
time is required for collisional deactivation and subsequent activation to get to the
same products.

This analysis also led to some useful generalizations about features of potential

energy surfaces which can lead to rapid growth. Specifically, it was found that allyl
addition to acetylene was critical, while the analogous addition to ethylene was not
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important, even though ethylene was present in much larger concentrations. Fig. 1
compares the potential surfaces for these two reactions. Note the differences in the
energetics. First the well for acetylene addition is deeper by 8 kcal/mole. Furthermore,
the difference in energy between the linear and cyclic intermediates is greater in the
acetylene case by about 9 kcal/mole. Much of this difference can be attributed the the
relatively high energy vinyllic radical (C=CCC=C-). Even with respect fo final products,
the acetylene is overall exothermic while ethylene is endothermic. Each of these
differences contribute to the enhancement for the acetylene reaction. The shallower
well for ethylene addition will contribute to more stabilization since the barrier to
cyclization is comparable to the entrance channel, while for acetylene the cyclization
barrier is 11 kcal/mole lower. Similarly, the difference in energy between linear and
cyclic intermediates means that the equilibrium constant for the cyclization involving
C=CCC=C- is more favorable, i. ., by a factor of 60 at 1038K (the temperature of the
Back and Back experiments), than for the cyclization of C=CCCC-. Thus we expect
cyclization, whether it occurs via stabilized or energized adducts, to be much more
favored for the case of C=CCC=C-; under the present conditions, this difference is
enough to make contributions from allyl addition to ethylene unimportant. In general,
the shallower wells in the ethylene system, coupled with the greater entropy of the
reactants relative to the intermediates, favor redissociation of the adducts back to
reactants, thus making this an inefficient channel for molecular weight growth.

These observations can be generalized to other addition reactions. The following
factors should increase the probability that direct production of cyclic species can
occur via an energized-complex mechanism:

(1) A deep well for the linear adduct—this will tend to make the barrier to
cyclization lower than the entrance barrier, thus increasing its unimolecular
rate.

(2) Anincrease in the exothermicity of the cyclization reaction—this is needed to
offset the entropy loss upon cyclization.

(3) A final cyclic product with high stability—this will result in low energy exit
channels relative to the entrance and will lead to faster unimolecular rates.

One such system where these factors are especially significant is the formation of
benzene via the sequence:

1-C4Hs + CoHz = 1-CgH7 = cyclohexadienyl = benzene + H. (A)

The potential energy diagram is shown in Fig. 2. Here the linear adduct is seen to
gave a much deeper well than that resulting from the allylic addition shown in Fig. 1.
Here the adding radical is vinyllic, as contrasted to the resonantly stabilized allyl; thus
there is no loss of resonance upon addition as is the case with allyllic species. The
cyclization is also much more favored in the benzene system since the combination of
an unstable vinyllic linear radical and a very stable cyclic radical results in an
exothermicity of 43 kcal/mole for the cyclization. Furthermore, note that the final exit
channel for benzene production, due to its unusual stability as an aromatic molecule,
is much lower than the entrance channel. As a result, this path to benzene can be
very important. In fact, at 1 atm and 1200K, the rate of production of benzene via the
direct reaction of the energized complex accounts for over 90% of the total reaction of
the initially formed linear adduct. Here the overall exothermicity is sufficient to
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compensate for the loss in entropy upon cyclization. Such compensation is
particularly important at high temperatures where the TaS term plays a larger role.

Another interesting issue in molecular weight growth is the possibility of isomerization
of methyl-cyclic Cs5 compounds to cyclic Cg compounds. Such isomerizations were
considered in chlorobenzene pyrolysis to explain observed production of minor
amounts of cyclopentadiene®. Given the prediction of cyclopentadiene production in
methane pyrolysis, Fig. 3 suggests a possible route to benzene from cyclopentadiene.
The recombination of the cyclopentadieny! radical with methyl is quite likely in these
systems since both species are likely to build up to quite high concentrations, relative
to other radicals, since the are no facile dissociation chaannels available. Note the
production of methyl-cyclopentadienyl is only 8 kcal/mole endothermic. Once formed it
can undergo beta-scission to form fulvalene. H-atom addition to the fulvalene (to the
opposite end of the double bond) leads to the cyclopentadienylmethyl radical, which
would be expected to quickly convent, over a series of low barriers, to benzene. This
analysis would suggest that one really needs to consider formation of both 5 and 6
membered rings as the starting points for aromatics formation.

In an effort to better understand the detailed kinetics of molecular weight growth, we
have used a molecular-beam sampling mass spectrometer (MBMS) to directly observe
reactants, products, and reactive intermediates in hydrocarbon pyrolysis and
oxidationS. A key component of this approach is use of photoionization at 10.5 ev.,
obtained by tripling the tripled (355 nm) out of a YAG laser. it is then possible to
minimize fragmentation, substantially improving one’s ability to observe free radicals
that would otherwise be obscured by parent fragments. A schematic of the
experimental set-up along with typical data from 1-butene pyrolysis is shown in Fig. 4.
This system has been used to observe the production of both Cs5 and Cg species
during pyrolysis and oxidation of C4 molecules. In a typical experiment, the
temperature is slowly increased at constant residence time and the molecular weight
growth is monitored as one goes to higher conversions. A particularly interesting
observation was that the allyl radical concentration was observed to decline at
temperatures where Cs and Cg molecules were initially observed to be produced. We
are now comparing these results with our detailed models of molecular weight growth.

An analysis of benzene production in low pressure flames’ led to the identification of
several radical addition reactions that might account for the observed production. One
such path was that considered above in (A). This path was chosen by comparison of
the measured concentrations C4Hs and CoH» to the rate of benzene production.
However, since C4Hs was measured with a mass spectrometer, it was not possible to
distinguish 1-C4Hs from 2-C4Hs. |t these two isomers were equilibrated and if the
secondary radical were much more stable, one would expect the majority of the
measured C4Hs to be the secondary radical, which is not expected to rapidly form

benzene, and this particular route would be unimportant. [However, it is important to’

note that the secondary radical can add to acetylene to form a fulvalene radical, and
thus it might be converted to benzene in a second step, as discussed above.] Thus a
critical issue, as yet not completely resolved, is the relative stability of these two
isomers. At first glance, it might appear that the secondary radical would be much
more stable, since the unpaired electron could be stabilized by the adjacent double
bond. Indeed, The Sandia Thermodynamic database? indicates a normal resonance
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stabilization (12 kcal/mole) in the secondary radical. However, the rotation required
here would disrupt the conjugation in the system as well as result in the relatively high
energy allenic structure (1,2 butadiene is 12.5 kcal/mole less stable that 1,3
butadiene?). Thus, it might appear that the normal resonance stabilization could be
offset, and the energies of two isomers could be quite close. We feel this is an area
which warrants further investigation. For the flame work considered here, benzene
production occurs near 1500K. This implies that a difference in stability of 3 kcal/mole
in the two isomeric forms would result in 42% of the C4Hs as the primary isomer,
meaning that this could be a major route to benzene. However, a difference of 12
kcal/mole, i. e., a typical resonance stabilization energy, would mean that only 4% of
the primary isomer would be present at equilibrium; thus ruling out this direct path to
benzene in this flame.
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1. Introduction

Ethynyl radical (C:H) has been recognized as an important
precursor of soot formation in the pyrolysis of acetylene and is
also believed to be important in the formation of intersteller

molecules. The rate constants of the elementary reactions of C:H
with C2H: and H:z,

C:H: + CoH » CtH: + H (1)
and

C2H +H, » C:H, +H (2)
have been measured by several groups at room temperature, however
some disagreement among them were indicated !?-4', also no direct
data are available at high temperature range except for those
based on indirect measurement on the pyrolysis of C:H:5’, or from

speculative simulations’.

As the flash photolysis with intense excimer laser radiation
combined with shock wave heating technique has enabled us to get
direct information on the details of radical reactions at
high temperature range, the processes (1) and (2) have been
examined in this study. 1In addition, flash photolysis studies
at room temperature with a mass spectrometer have been performed
to ensure the temperature dependences on these reaction processes
at wider temperature range. Thus, the kinetic informations
derived in this work may be very useful both in the fundamentals
of chemical kinetics as well as in the numerical simulations of
practical combustion systems.

2, Experimental System

The details of the experimental systems were described in our
previous publications™ -%' Two independent experimental systems
have been used in this study: an excimer laser photolysis behind
shock waves was used to study these reaction processes at

elevated temperatures (ebove 1000 K), where, hydrogen atoms
produced in the reactions were monitored by using atomic resonan-
ce absorption spectroscopy (ARAS), and an electron impact ioniza-

tion mass spectroscopy was used to measure the rate constants and
examine the reaction products at room temperature.

For the high temperature experiment, a diaphragmless shock tube
of 5 cm i.d. made of stainless-steel was used. Sample gases were
irradiated by an ArF laser (Questek V-§, about 15 ns pulse
duration) through a rectangular quartz window (4cmxlcm) located
at the end plate after being heated by reflected shock waves,
C:H. was photodissociated by the UV laser radiation to form C:H

and H. In the high temperature experiment, time dependence of H
atoms produced in the photolysis (in the range of 10'1-102

1392

——— i~




molecules/cm? } were monitored by an atomic resonance spectroscop-
ic system (ARAS) at 121.6 nm. Absolute concentration of H atoms
were decided by using a calibration curve which was decided by
conducting thermal decomposition experiment using Ha: =Nz O-Ar
mixtures. The main advantage of the diaphragmless type shock tube
is its excellent reproducibility of the shock heated condition:
signal averaging at a fixed shock condition, when required, and
plotting first-order rate against the concentration of the
reacting partner in deciding the bimolecular rate constant were
performed in this study to improve the quality of the kinetic
informations.

The 193 nm photolysis experiemnt at room temperature was
conducted in a slowly flowing pylex tube of 1.5 cm i.d. Sample
gases were directly introduced into the vacuum chamber through a
pinhole of 100um i.d. and continuously detected by an electron-
impact ionization mass spectrometer (Anelva TE 600-S).The ion
signals froma secondary electron multiplier operated under pulse-
counting conditions were recorded with a gated counter following
pulse amplification and discrimination. Time dependence of the
individual mass peak was obtained by scanning the delay time of
the gate with the fixed gate width of 50 or 100 us. Signals were
averaged over 10¢ laser shots for each run. .

3. Experimental Results

Firstly, the reactions of C:H produced by an ArF laser
photolysis in the mixtures of CoH. and C:H:+H: highly diluted in
Ar were studied behind reflected shock waves.
Typical oscillogram traces for the ARAS experiment behind . shock
waves are shown in Fig.3. The absorption intensity at 121.6 nm
incresed when shock waves passed through the observation section
due to C:H.. With a proper delay time (typically 50 us) after the
shock wave passage, ArF laser was fired and the rapid increment
of the absorption intensity was observed by the production of H
atoms by the photolysis of C:H.: then, the intensity gradually
increased to a steady state with a single-exponential profile.

The detailed mechanisms for the photodissociation of C:H; by
193 nm laser has not been clarified yet. In this study, the rate
of the incremnt of H atoms following the photolysis was not
affected by the intensity of the ArF laser and, also the
concentration of H atoms at steady state was always equal to
about twice of that initially formed by the photolysis: moreover,
the concentrations of the initial H atoms produced by the ArF
laser photolysis was approximately proportional to the input
laser energy, i.e., the ratio of (H) produced in the flash
photolysis to the initial concentration of C:H:, (H)/(C:He )e
varied from about 0.15% to 1 % for the input laser powers of 10
to 60 mJ/cm® over the temperature range of 1000-2000 K. Thus, the
multiphoton process that lead to the production of C;+2H was
concluded to be unimportant at this input energy range®’. It
was also confirmed that the rise rates of H atoms were proportio-~
nal to both the initial concentration of C:H: and that of added
H., as are shown in Fig.4 and Fig.5.
Based on these experimental evidences, it was assumed that the
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initial concentration of H atoms produced by the 193 nm
photolysis was equal to that of C:H(X2%Z*) at the present
experiment: the quenching rate of the possible electronically
excited CoH{(A21) produced in the photolysis was supposed to be
sufficiently fast in the time scale of the shock wave experiment.
Thus, the informations on the time dependence of H atoms should
be directly related to those for (1) or (2): the rate constants
for these processes were evaluated from the slopes of the plot of
the first order rate against initial concentrations of C.H: and
H: shown in Fig.4 and Fig.5, respectively.

The results are summarized as, ki = (6.6£1.1)x10-'' (cm’ molecule-!
s"!') over T ® 1260-2487 K without appreciable temperature
dependence, and k; = (3.3x10-'°) exp{(-13.8 kcal mol-!/RT) (cm?
molecule-!s- ! ) over T = 1565-2218 K. In order to check the
sensitivity of the side reactions in these experimental
conditions, numerical computations including 11 elementary react-
ions were performed at some typical experimental runs; no
effective contribution from the side reactions was found in
evaluating k: and k:.

The reaction processes (1) and (2) were examined by the 193 nm
photolysis also at room temperature, where the time dependent
concentration of CsH: was monitored by an electron-impact mass
spectrometer with an electron energy of 20 eV.

For the experiment on C:H: -Ar mixtures, as is shown in Fig.6,
when C: H; was irradiated by 193 nm, the concentration of C«H: (m/e
=50) increased exponentially towards steady level, and the rise
rate of it linearly depended on the 1initial concentration of
C2H:. From the slope shown in this figure, the rate constant was
decided as, ki = 4.6x10-!'' (cm’* molecule-'s-!') at 293 K. This
value is consistent with that at high temperature range.

“When sufficient amount of H. was added to the C;H:-Ar mixtures,
the rise rate of C,H. became too large to decide the rate

constant for (2) accurately. However, the experimental
conditions were chosen so that the effect of the side reactions
except (1) and (2) could be neglected (as was already noted
avobe), then the reaction rate constant for (2) could be decided
by measuring the steady state concentration of CsHz, (CaHs }o with
the following relation,

(C2H)a /(CaHz ) = 1 + (kz/k )(H2)/(C:H:) (3)

where, (C:H), is the initial concentration of C:H produced by the
ArF photolysis. Fig.7 shows the validity of this relation. The
experiment was conducted with 0.63 and 0.74 Torr partial pressure
of C:H: and the energy of 193 nm laser was fixed to 12 mJ/cm?,
where, the pressure of H: was varied from 0 to 310 mTorr: the
rate constant for (2) estimated from the slope of this plot was,
k: = 4.83x10-'4 (cm®molecule-'s-!) at 293 K.

4. Discussion and Comparison with The Previous Results

The present results on ki together with the previous ones are
summarized in Fig.8. The present results agree well with that by
Frank and Justs® at high temperature range and also with those by

Lange and Wagner?® and Laufer and Bass’' at room temperature: it
is not clear why only the rate constant measured by Stephens et
1394




al,'’ who monitored the concentration of C:H by color centered

laser was about 5 times faster than the previous studies?::’'or
present result. They attributed this differnce of the rate
constants to the formation of the intermediate species, however,

more direct evidence may be required to support this mechanism.
The other important reaction in the initiation stage of CzH:
pyrolysis (2) has been studied by several groups but the rate
constant of it shows substantial disagreement each other!®-<':
the reaction intermediate was discussed in order to explain the
difference between the rate of reactant and products. As can be
seen in Fig.9, the present result on k: at room temperature was

smaller than the previous ones. This process is supposed to have
substantial temperature dependence because of the energy barrier
of the transition state. No direct experimental data at high
temperature are available, although some speculative rate
constant has been used in the computer simulations®’® . The rate
constant suggested in the previous works has shown highly non-
Arrhenius temperature dependence. Our results at high

temperature range has considarably large temperature dependence,
thus, the extrapolation of them to the room temperature range
gives much smaller rate constant than those directly measured.
Such non-Arrhemius temperature dependence of the rate constant
for (2) was discussed by Harding et al. based on transition state
properties of C:H estimated by ab initio calculation'?’ ., Although

the observed activation energy in this study (13.8 kcal/mol) was
much larger than that estimated in POL-CI calculation (4.0
kcal/mol), the TST theory seems consistent with the present

experiment: it is suggested that the large temperature dependence
of the rate constant for (2) was brought both by the temperature
dependence of vibrational partition function of the transition
state (high temperature range) and tunneling effect (low tempera-
ture range).
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QUENCHING OF DIACETYLENE FORMATION DURING THE REACTION OF
OXYGEN ATOMS WITH ACETYLENE AT 300 K
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ABSTRACT

The production of diacetylene in the low pressure reaction of
oxygen atoms with acetylene was monitored with a photoionization mass
spectrometer. The addition of methane, nitrous oxide or molecular
hydrogen quenched the formation of diacetylene. Stern-Volmer kinetics
were observed, which implies that both acetylene and the quenching gas
compete for a single reactive intermediate. This quenching appears to
be closely connected with the quenching of chemi-ionization reported
previously (Chem. Phys. Lett. 164, 625(1989)). Quantitative
comparisons of quenching rates with known rate constants suggest that
CH(X°m) is the intermediate involved. Application of an electric
field to this system had no affect on the diacetylene concentration,
showing that chemi-ions are not involved in C4H, formation.

INTRODUCTION

Diacetylene (C4H,) is an important intermediate in the combustion
of acetylene and other hydrocarbons, especially for fuel-rich
conditions [1-5]. As much as 35% of the acetylene consumed in a flame
may pass through C4H, [4]. It has been argued that diacetylene and
heavier polyacetylenes are precursors of soot [1,4], although others
do not support this proposal.

The atomic oxygen-acteylene system has been studied extensively and
there is agreement that the mechanism of diacetylene formation is
complex [6-8]. The initial rate of formation of C H, is proportional
to the product of concentrations [0) [CyHo], and this rate can be
accelerated by adding hydrogen atoms or inhibited by adding 0, or Hy.

The reaction that forms diacetylene in flames has not been clearly
established. The reaction usually proposed is,

CZH + C2H2 ) -_— C4H2 + H (1)
and this reaction is known to be fast [9]. However, a reasonable
source of CoH radicals in flames is not known. The direct
abstraction, favored in the past,

O + CyH, —> CH + OH (2)

is now known to be endoergic by 30 kcal mol~1 [10), and thus can be
ignored except for very high temperature combustion.

We have extended earlier quenching studies {11) in an attempt to

clarify the mechanisn by which diacetylene is formed during acetylene
combustion.
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EXPERIMENTS

Oxygen atoms were made by discharging a flowing mixture of 0.5% CO,
in He in a microwave discharge (2450 MHz). Titration with NO, showed
that the typical [0] was 3 mTorr. Acetylene, also diluted in He, and
other quenching gases were added upstream of the pinhole to a
photoionization mass spectrometer. The diacetylene was photoionized
by Lyman a radiation (10.2 eV) and detected at mass 50. The total
pressure was kept constant at 3 Torr as the quenching gases were added
by varying the He flow. Further experimental details are given
elsewhere [12].

RESULTS and DISCUSSION

We have observed that adding methane, nitrous oxide or molecular
hydrogen to the O + C,H, system quenches the formation of diacetylene.
These quenching molecules are relatively inert to attack by oxygen
atoms at 300 K for the short contact times (<15 ms) used in this
study.

For methane and nitrous oxide the quenching followed a simple
Stern-Volmer law, as can be seen in Figure 1. The quenching
efficiency depends on the partial pressure of acetylene present. The
original data are recorded elsewhere [12].

Simple Stern-Volmer plots suggest that both acetylene and the
quencher molecule are competing for the same intermediate. If the
intermediate, I, reacts with acetylene, a molecule of diacetylene is
formed (not necessarily in a single step).

I + CHy —>—> (4H, (3)
I + Q —_— other products (4)
I —_— other products A5)

Reaction between I and quencher molecule Q does not result in
diacetylene formation. Reaction (5) is included to allow loss of I by
other reactions, on the walls, etc.

If it is assumed that the addition of Q does not affect the rate of
formation of I, then reactions 3, 4 and 5 lead to the steady state
expression,

(Cgp)y  _ k,[Q)
Lalale o . S A
[C4h,] 1+ RGIcH + ks )

where (C4H,], refers to the diacetylene signal when no quencher gas is
present. The quenching data for methane and nitrous oxide have been
fit to Equation A using least squares.

If Equation A is valid, the inverse of the slopes of the
Stern-Volmer plots should depend linearly on the acetylene
concentration. A test of this relationship is shown in Figure 2. For
this simple model, the slopes of the lines in Figure 2 then give the
ratios for k3/k, and the intercepts give kg/ky. Values for these ky/k,
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ratios are collected in Table I.

Molecular hydrogen was a less efficient quencher than methane or
nitrous oxide and so more of it was necessary to give significant
quenching. The resulting Stern-Volmer plots were slightly concave

- downward. It is not clear if this indicates that a more complex
quenching mechanism is needed, or that some other effect resulting
from the large concentrations of H, is involved. It is known that
hydrogen atoms promote the formation of diacetylene [8), and it is
possible that the large H, concentrations could result in hydrogen
atomg being produced (e.g. by collisional dissociation of H, by
CO(a’n), which is produced in this system (13]), or by radical attack
on H,). The hydrogen quenching curves could be fit to equations of
the form,

[C4H2]o =
TCalig] 1+  BiH +  yiH? (®)

By analogy to Eqn. A, the reciprocal of B was plotted against the
acetylene concentration, and the resulting points are consistent with
a straight line (Fig. 2). The slope of this line is entered in Table
1 under k3/k4 for hydrogen with the understanding that this assignment
is tentative.

The second column of numbers in Table 1 gives the ratio of kj/k, if
the intermediate I is the ground state C,H radical. According to the
present study, the precursor to diacetylene reacts with methane only
2.7 times slower that it does with acetylene, while C,H reacts 50
times slower. The tentative ratio for hydrogen is also not compatible
with the intermediate being C;H. Unfortunately, the rate constant for
CoH reacting with N,O has not been measured yet. From the comparison
o% the first two co%umns of Table I, we conclude that the intermediate
I is not the C,H radical.

The CH radical has been proposed by Homann and Schweinfurth as one
of the precursors leading to diacetylene [8]. The third column of
Table I gives the ratios of k3/k,; for CH(X%r). 1In comparing the first
and third columns of Table I, better agreement is seen, although the
values for hydrogen still differ significantly.

A more impressive comparison can be made between the quenching of
chemi-ionization reported previously for this system [11] and the
quenching of diacetylene. The fraction of the chemi-ionization that
can be quenched follows a Stern-Volmer law, and a plot of the
reciprocal of the Stern-Volmer slopes vs. acetylene looks very similar
to the present Figure 2. 1In particular, for methane quenching, the
lines show identical slopes, i.e. identical values for k3/ky. ‘
Quenching by N,O also agrees closely ( k3/k, = 3.5 for chemi-ionization .
quenching, compared to 4.8 in Table I). Since the quenching of the !
chemi-ionization almost certainly involves reaction with the CH (X°n)
radical, this strengthens the case for CH being a precursor to
diacetylene.

The similarity of quenching of chemi-ions and diacetylene raises
the possibility that chemi-ions might be precursors to diacetylene.
This possibility was tested in a radial electric field reactor, with a
pinhole leading to the photoionization mass spectrometer. The
diacetylene signals with and without an electric field (4.8 Townsend)
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were carefully compared; no change in intensity could be observed
(<5%). The smaller peak at mass 52 (C4Hy) also did not change. Since
this electric field will reduce the residence time of the chemi-ions
by approximaetly a factor of 100, we must conclude that chemi-ions are
not precursors to the observed diacetylene in this system.

In the Homann and Schweinfurth mechanism (8], the CH radical reacts
with acetylene to form Cs3H,, which subsequently reacts with an oxygen
atom to form C,H. The diacetylene is then formed when CoH reacts with
another acetylene (Reaction 1). If this were the correct mechanism,
then adding a quenching molecule that could react with both CH and C,H
should give Stern-Volmer plots that curve upward. The magnitude of
this effect can be seen in Figure 3, where the solid curves show the
expected behavior for methane quenching using known rate constants for
CoH and a linear term that fits the initial slope. The lack of
curvature in the experlmental points suggests that sequential
quenching of two precursors is not important for this system.

If CH(X2m) is the radical that is being intercepted by the various
quenching molecules, then it is very likely that the reaction,

CH(X?m) + CH, —> CgH, + H (6)

is the next step in forming diacetylene. Reaction 6 is sufficiently
exoergic to form any one of the three isomers of C Hz. Direct sampling
and trapping studies have shown evidence for CsH 1n flames [3,14].
However, very little is known about the klnetlc %ehav1or of any of
these isomers. The mechanism leading from CsH, to diacetylene can only
be speculative at this time. However, it should be noted that any of
the following intermediates that are known to be present in this
system could donate a carbon atom to C3H, to give diacetylene in an
exoergic reaction: C; C,0; CH; vinyledene; CHp; HC,0; or CiH, itself.

CONCLUSIONS

The present quenching studies, especially the results with methane
which are the most extensive, do not support CoH as the precursor to
diacetylene in the oxygen atom-acetylene system. Combining the
present results w15h those from a previous chemi-ion quenching study
suggests that CH(X“r) is the intermediate that is being quenched.
Quenching by molecular hydrogen is anomalous and is not understooed.
Clearly chemi-ions do not participate in the formation of diacetylene.
Kinetic studies need to be done on the C3H, isomers to understand the
next step in the formation of diacetylene in this system.
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Figure 1: Stern-Volmer Plot of Diacetylene Quenching by

Methane. The different symbols represent different partial pressures of
acetylene: circles 3.9 mTorr; squares 8.4 mTorr; triangles 14 mTorr. All
runs had (0] of 2.7 mTorr and 3 Torr total pressure. The least squares
lines were forced through unity at zero methane.
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Figure 2: Reciprocal of the Stern-Volmer Slopes as a Function

of Acetylene. The solid circles represent quenching by methane and the
open squares quenching by nitrous oxide. For hydrogen the values of B~
have been divided by 10 before being plotted. The straight lines represent
weighted least squares calculations. The slopes of these lines are entered
in the first column of Table I.
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Keywords: unsaturated radicals; C;Hs + O,; C,Hs + C,H,

INTRODUCTION

The reactions of unsaturated free radicals (such as C;H, and C,H,) either with themselves or with
small unsaturated molecules have been proposed as pathways leading to the eventual formation of
aromatic compounds and soot.! Little is known about the reactions of these intermediates. In
particular, the chemistry of the butadienyl radical (C,Hy) is almost completely unknown. In order to
test the feasibility of this radical as a soot precursor, it is important to determine if molecular oxygen
can compete as a radical sink for C;Hs in combustion systems, preventing the growth of [C,H,] to
levels where reactions producing aromatic compounds can occur at a2 measurable rate. In this paper
we report a direct experimental study of the kinetics and thermochemistry of the reaction of C,H;
with O, and use the results obtained to infer some general mechanistic pathways for the reactions of
hydrogen-deficient free radicals with molecular oxygen.
EXPERIMENTAL
Apparatus and General Procedure Details of the experimental apparatus and procedures have been
published elsewhere? and only those aspects of the method which are unique to the present study will
be described in detail here. Pulsed, unfocused 193-nm or 248-nm radiation (=5 Hz) from a Lambda
Physik EMG 201 MSC excimer laser was directed along the axis of a heatable, boric acid-coated
quartz reactor (1.05-cm-i.d.). Gas flowing through the tube at =4 m s contained the butadienyl
radical precursor (trans-1,3-pentadiene) in small amounts, oxygen, and helium. The flowing gas was
completely replaced between laser pulses. Gas was sampled through a hole (0.043-cm diameter)
located at the end of a nozzle in the side of the reactor and formed into a beam by a conical
skimmer before the gas entered the vacuum chamber containing the photoionization mass
spectrometer (PIMS). As the gas beam traversed the ion source, a portion was photoionized using
resonance lamps (10.2 and 8.9-9.1 eV) and mass selected. Temporal ion signal profiles of the
reactant radical, products and the radical precursor were recorded on a multichannel scalar from a
short time before each laser pulse up to 20 ms following the pulse. Data from 1000 to 45,000
repetitions of the experiment were accumulated before the data were analyzed.

hotolysis of Butadienyl Radical Precursors and the re of the C,H; Radical A survey was
conducted to determine the products of the photolysis of two possible C,H radical precursors: trans-
1,3-pentadiene (expected to produce the 1-butadienyl radical) and 2-methyl-1,3-butadiene (expected
to produce the 2-butadienyl radical). This survey was conducted at two photolysis wavelengths (193
and 248 nm) and two temperatures (298 and 650K). The mass spectrometric results were essentially
the same at both wavelengths, with either precursor, and at either temperature. The largest ion
signal detected after photolysis corresponded to the mass of CsHg, a stable product. Smaller signals
of approximately equal amplitude were detected at the mass numbers corresponding to C,Hs, C,Hs,
C,H; and CH,. These ion signals exhibited the temporal behavior of free radicals with the signals
decaying in an exponential manner due to the presence of heterogeneous wall effects. Smaller
amounts of CH;, C;H;, C;Hs, C3Hg, and C;H, were also detected. These results indicate that the
important photolysis routes are
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—> CsHg + H, (or 2H)

F—> C,Hs + CH,
193 or 248 nm

CH, > C,Hs + C,H,

> C;H, + C,Hs

> CH, + H

While PIMS is a sensitive method for detecting small concentrations of free radicals (even in
the presence of large concentrations of radical precursors), it cannot distinguish between structural
isomers unless the ionization potentials of these isomers are extremely different. Such is not the case
for the C,H; isomers. However, it is likely that the initial photolysis occurs at different sites in the
two CsHy compounds studied here with the 1,3-pentadiene producing the 1-butadienyl radical,

CH;-CH=CH-CH=CH; —— -‘CH=CH-CH=CH, + CH,
while the 2-methyl-1,3-butadiene produces the more stable 2-butadienyl radical.
CH,=C(CH;)-CH=CH, — CH,=C-CH=CH, + CH,

Although PIMS cannot distinguish between these two structural forms (or between a third
form common to both precursors), a difference in observed reactivity can indicate the presence of
two distinct isomers. At very low initial concentrations where radical-radical reactions are
unimportant and in the absence of any other reactants, both possible C,H; species react in a similar
manner, displaying a simple exponential decay due to the presence of heterogeneous effects.
However, when molecular oxygen is added to the system, there is a distinct difference in the
temporal behavior of the two species. At room temperature in the presence of added oxygen the
C,H; produced from the pentadiene reacts slowly and decays in a purely exponential manner. On
the other hand, the C;H; from the methylbutadiene reacts much more rapidly with a temporal
behavior that is bi-exponential (perhaps indicating the presence of two structural forms of C,Hg with
very different reactivities). At higher temperatures in the presence of oxygen, the temporal ion
signal profiles of both species exhibit bi-exponential behavior but with extremely different time
constants, the C4H; from the methylbutadiene always decaying much more rapidly than that from the
pentadiene. On the basis of this difference in reactivity we conclude that the C,Hs produced from
the 1,3-pentadiene is indeed the 1-butadienyl radical.

Measurement of C,H, + O, Reaction Raie Parameters In the experiments reported here the
1-butadienyl radical was produced in presence of varying amounts of oxygen by the 193- or 248-nm
photolysis of 1,3-pentadiene. Initial radical concentrations were chosen to be low enough to ensure
that radical-radical recombination reactions, either of C,Hs with itself or with the other products of
the photolysis, had negligible rates compared to the reaction of interest. The absence of radical-
radical reactions was confirmed at each set of experimental conditions reported here by varying the
initial pentadiene precursor concentration. These tests also confirmed that the reaction of C,Hg with
C;sH, had a negligible rate under these conditions. Reaction rate parameters were also found to be
independent of laser wavelength and intensity. These tests ensure that the 1-C,Hs + O, reaction was
in fact isolated for direct study.

Search for Products of the C;Hs + Q, Reaction The search for possible products of the C;Hs + O,
reaction was hampered by the production of the additional C;Hy photolysis products, the low
concentrations of C,H; radicals necessary to avoid recombination reactions, and the high oxygen
concentrations used in this study. The photolysis of pentadiene produces many radicals which are
themselves possible products of the C;H; + O, reaction or which react more rapidly with O, than
C,H; to produce the same possible products. For example, C,H,, a stable photolysis product, is also
the product expected from either the direct abstraction of a hydrogen atom from C,H; by O, or by
the subsequent decomposition of a C,H;0, adduct. Another photolysis product, C,H,, reacts rapidly
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with O, to produce H,CO while C;H, + O, produces ketene at high temperatures. The C,H0,
adduct itself could not be detected. This was not unexpected since alkylperoxy radicals are not
readily detected by PIMS. Another possible product, C,H,0, could not be detected because it lies at
the same mass number as the precursor molecule. C,H,0, a product analogous to the ketene
produced in the high-temperature C;H; + O, reaction, was observed at 900K, but could not be
confirmed as a product of the C,;H + O, reaction since its temporal behavior did not mirror that of
the C,H radical. There were no product signals detected that could be unambiguously assigned to
the C,Hs + O, reaction. Since the mechanism for this reaction could not be established by direct
methods, it will be assigned based on rate data and using analogies with what is known about the
mechanisms of the reactions of similar unsaturated radicals.
RESULTS
From a preliminary set of experiments conducted over the temperature range of this study (295 -
900K), it was discovered that the 1-C,H; + O, reaction has different mechanisms at low and high
temperatures and that at intermediate temperatures (369 - 409K at the oxygen pressures used in these
experiments) the equilibrium
CHs + O, (+M)
is clearly established.

The results obtained will be discussed separately for the three temperature ranges in which
different kinetic behavior was observed. Rate constants were measured at three densities at room
temperature and at two densities in the high temperature region. Equilibrium constants for
reaction | were determined in the intermediate region. The conditions of all these experiments and
the results obtained are given in Table [ and plotted in Figures 1 and 2.

Room Temperature Reaction Near room temperature the C4Hs + O, reaction proceeds by simple
addition

CH;0, (+M) I

CH; +0, — C,H;0, 0))]
The temporal behavior of C,H; in the presence of an excess of O, can be characterized by a simple
first-order decay, with a decay constant (k’) equal to the sum of k,[0,] and k, where k;, is the rate
for the heterogeneous loss of C4H;. )

CH; —_ Heterogeneous loss )
The bimolecular rate constant was obtained from the slope of the line fitted through the measured
decay constants plotted against [0,]. From the density dependence of this rate constant
(A log (k)/A log [M]) =~ 0.4, it is apparent that the reaction is near the middle of the fall-off region
at the densities used in this study (6-18x10'S molecule cm?). (See Figure 1.) The addition
mechanism is inferred from this density dependence of the rate constant as well as the fact that the
reaction is reversible at higher temperatures.
Intermediate Temperature Range Between 369 and 409K the loss of C,Hj in the presence of O, was
not a simple exponential decay but was rather a rapid decay followed by a much slower one which is
characteristic of the radical reaching an observable equilibrium with O,, reaction 1. The second,
slower decay is due to competing processes, such as the heterogeneous removal of C H; at the walls
(reaction 2), other possible reactions of C,H; with O,, or other reactions of C,H;O, that produce
products other than the original reactants. As can be seen in Table Ib, this second decay constant,
m,, increases with temperature while the wall loss rate (reaction 2) remains essentially constant.
This observation indicates that a change in reaction mechanism is occurring in this temperature
range. This conclusion is supported by the fact that an observable reaction of C,Hs with O,
continues to occur at higher temperatures (see below), where normally equilibrium of C,H, and
C,H;0, would be established before measurable amounts of C,H, had reacted with O,.

The equilibrium constant, K,, was obtained from the parameters of the double exponential
function® which was fit to the experimental C,H; ion signal profiles in this temperature range. The
relationship between K, and these parameters is determined by the mechanism responsible for the
temporal behavior of the C;H;. From the presence of a high temperature reaction and by analogy
with reactions of other radicals, such as ethyl and propargyl, which exhibit similar behavior, we
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conclude that the C,H; + O, mechanism involves three steps: reversible addition (reaction 1),
heterogeneous loss of C4H; (reaction 2) and the unimolecular decomposition of the C,H;O, adduct.
CH,0, _ Products 3)

Thermodynamic functions for reaction 1 were obtained from the temperature dependence of
K,2. The values of AH g, and AS°, were determined from the slope and the intercept of the
straight line fitted through the measured equilibrium constants on a modified van’t Hoff plot (see
Figure 2). They are

AHCg = -18.7 + 0.8 kcal mol!

AS%g = -29.8 + 2.2 cal mol! K
The correction to the ordinate variable, In Kp, on the modified van’t Hoff plot (which converts
-AG°;/RT to -AGP/RT) is small (0.7 to 2%) and is obtained from heat capacities estimated by
using group-additivity rules.
High Temperature Reaction (600 - 900K) Above the temperature at which equilibrium can be
observed, C,H; continues to react with O,. Radical decay profiles in this temperature region are
again simple exponential functions and the decay constants (k') are proportional to [0,]. The
phenomenological bimolecular rate constants are independent of a factor of two in density (6 -
12x10'® molecule cm™) and increase with temperature in this regime (see Figure 1). The
bimolecular rate constants for the overall reaction

CH; + 0, — Products 4)
were obtained in the same manner as for the low temperature reaction, i.e., from the slope of the
line fitted through the measured first order decay constants plotted against [O,], and were fit to an
Arrhenius expression

k, = 6.9x10™ exp (- 2.5 kcal mol'/RT) cm® molecule™ s
In the high temperature region the bimolecular rate constant increases with temperature and has no
systematic density dependence. These observations indicate the importance of an irreversible CH;
+ O, reaction path at elevated temperatures which proceeds over an energy barrier.

CH, + C,H, Reaction An attempt was made to observe a possible reaction of C4H;s with acetylene
at 950K, a reaction indicated as potentially important in the formation of aromatic compounds.!
There was no increase in the C,H, decay rate over the heterogeneous loss rate when 3x10'S molecule
cm™ of acetylene was added to the system at a density of 1.2x10'” molecule cm™. Since an increase
of a factor of two over the heterogeneous loss could have been observed with C,H, present, an upper
limit for the rate constant of the C,Hs + C,H, reaction at 950K could be established. It is 2 x 10
cm® molecule’ s,

DISCUSSION

The simplest mechanism for the C;Hs + O, reaction which can account for the observations of this
study and which is consistent with our current knowledge of the mechanisms of other unsaturated
free radicals with molecular oxygen is one which involves the reversible addition of O, to the
butadienyl radical and a second, irreversible decomposition path for the C4H;0, adduct.

Above 500K, C4H; and O, establish and maintain equilibrium while the second, slower,
irreversible decomposition reaction of C;H;0, takes place. These reaction pathways account for the
observed high-temperature behavior of the C;Hs + O, reaction, including the exponential decay of
C.H; when O, is in excess, the proportionality of the C,H, decay constants with [O,], and the lack
of density dependence of the overall rate constant for the loss of C;Hs. Under these conditions there
is a relationship between the phenomenological rate constant k, and those of the elementary reactions
responsible for the loss of C,Hy, k, = K k;°/2 (k,” is the high pressure limit unimolecular rate
constant for reaction 3). Using the measured values of K, and k, an Arrhenius expression for ky*
was determined, k;,° = 3x10'? exp(-21 kecal mol'/RT) s™'.

The rate constant derived for the decomposition of the adduct is very similar to that obtained
for the decomposition of the C;H,0, adduct formed in the reaction of the propargyl radical with
molecular oxygen.> Likewise, the R-O, bond strength when R is C,H; is nearly identical with that
when R is either C;H; or C;H; (see Table I). The mechanism proposed here for the C;H; + O,
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reaction, i.e., reversible addition with a second, irreversible decomposition pathway for the RO,
adduct, appears common to all R + O, reactions. The initial R-O, adducts are formed at rates
expected for a simple combination process along an attractive potential. However, the R-O, bonds
formed by the more stable unsaturated radicals are weaker (18 - 19 kcal mol™) than those formed
between alkyl radicals and O, (32 - 38 kcal mol). The overall reaction pathways observed and the
nature of the final products are determined by the relative heights of the barriers to dissociation of
the RO, adducts back to reactants and to rearrangement of the RO, adducts followed by dissociation
into oxygenated products. 1f, as in the case of the allyl radical, the barrier to rearrangement is much
greater than that to redissociation, no oxygenated products are observed and the R + O, reaction
appears to "turn off” at high temperatures where the equilibrium favors the reactants. If, on the
other hand, the barrier to rearrangement is only slightly higher than that to redissociation, the
R/RO, equilibrium again favors reactants but small amounts of oxygenated products will be observed
to be formed as the temperature increases. Such is the case in the C;H, and C/Hy reactions.

Finally, if the barrier to rearrangement is much less than to redissociation, the R + O, reaction
appears to proceed directly to the oxygenated products as in the case of the i-CHj reaction.*

In conclusion, even at combustion temperatures, reactions of C;H;, C;H;, or C,Hs with
molecular oxygen are not rapid. They do not effectively remove these intermediates from the pool
of radicals. The loss mechanisms for these unsaturated radicals under combustion conditions must
also include reactions with themselves to produce larger, unsaturated molecules, reactions with other
free radicals (such as O and OH) and perhaps reactions with unsaturated molecules (such as
acetylene or butadiene), reactions which could ultimately lead to the production of aromatic
compounds.
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le I: nditions and Results of the Study of the C,H, + O, Reaction

a) Experiments to Measure C,Hs + O, Rate Constants

T, 1M, 10[CsHgl,, 10[CHi)S,  1074[0,] k, 104k,
Range, cm® molec™
K molec. cm?® molec. cm?®  molec. cm™ molec. cm? st st
Room Temperature Reaction
296 6.00 7.11 3.20 1.93-13.4 37.8 23.
295 12.0 7.22 2.16 1.13-13.7 36.4 32.
299¢ 12.0 56.6 2.83 1.46-12.5 15.1 31.
296 18.0 2.69 2.64 1.10-9.52 359 38.
296 18.0 5.73 2.82 1.77-12.3 34.0 36.
299 18.0 1.27 1.16 1.22-9.34 31.5 38.
High Temperature Reaction
600° 6.02 7.82 3.46 60.7-216. 26.2 0.72
600" 12.0 28.5 11.0 17.7-172. 27.8 0.94
750° 6.02 50.1 8.94 29.7-188. 18.3 1.2
750° 12.0 20.0 9.00 60.7-215. 29.3 1.1
900° 6.07 18.0 7.65 12.8-256. 26.7 1.8
900° 12.1 6.55 11.1 54.7-237. 26.6 1.6
b) Experiments to Measure the Equilibrium Constant for the C,;H_+ O, Reaction’
™, 10 [C5Hgl,, 10°Pgy, K, Riy m, m,, 107K, &,
K molec. cm? atm’! st st s! atm™!
369 7.81 5.54 23.5 1.58 309. 34.0 32.2
369 7.82 9.37 19.0 2.70 318. 29.9 31.9
374 6.78 7.73 27.0 1.97 345. 33.2 27.0
374 6.78 6.62 2.4 1.47 333. 34.9 25.4
379 7.85 10.1 21.7 1.47 374. 38.9 17.2
379 11.7 23.7 23.1 3.86 674. 41.9 17.5
384 14.5 25.2 29.9 2.63 679. 45.0 11.1
384 154 4.3 28.4 4.37 833. 43.8 10.3
389 7.95 26.2 31.0 3.15 847. 54.7 13.0
389 14.9 26.2 31.4 2.64 702. 41.1 10.5
389 14.7 45.7 34.2 4.86 1193. 525 11.0
394° 107. 46.0 22.8 2.43 1215. 57.5 5.74
394 13.6 53.4 21.3 3.27 1071. 54.0 6.65
399 9.96 30.5 30.8 1.65 674. 53.4 6.06
399 9.84 56.6 26.3 2.26 892. 53.0 4.37
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Figure 1. Arrhenius plot of measured second-order rate constants for the C,Hs + O, reacton.
Shaded area indicates the temperature region where equilibrium was the dominant process observed.
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Figure 2. Modified van't Hoff plot of measured equilibrium constants for the C,H; + O, reaction.
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Table I (continued)

T, 10 [CsH,, 10°Pg,, ks, Ryz my, my, 107K, 5,
K molec. cm™? atm’! s! st st atm’!

404 20.2 45.6 37.8 1.39 921. 76.3 3.54

409 20.2 46.2 29.4 0.809 580. 69.3 2.42
409 12.6 579 29.8 1.23 1001. 4.5 2.51
*Temperature variations: 350-450+3K, 60012K, 750+4K, 900+5K

*M = He + O,

“Upper limit to [C4Hs], estimated assuming that one half of the precursor that decomposes produces
C.H;,.

“Estimated error limits are +20% for room-temperature rate constants and +30% for high
temperature rate constants.

248 nm photolysis light used in this experiment; 193 nm used in all other experiments.

fC,H; ion signal, I(t), fit to expression I(t) = Aexp(-myt) + Bexp(-myt). {M] = 1.2x10'7 molecule
cm?

K, = R;2/Pofl + [(R;; + 1)(m, - k)R x(m, - my)]}%; R;; = A/B; estimated error limits:
+50%.

Table II: mpari f Thermodynamic Variables for R + Q, Reactions
Involving Unsaturated Free Radicals

R AH%, AS%,03, Ref.
keal mol™! cal mol'! K!
C,H, -189+1.4 31.342.9 3
C;H, -18.2+0.5 -29.2+1.2 2
CH; -18.740.8 -29.242.2 Current Study
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The Thermal Decomposition of 1,7 Octadiyne as
A Source of Propargyl Radicals

Wing Tsang and James A. Walker.
Chemical Kinetics and Thermodynamics Division
National Institute of Standards and Technology
Gaithersburg, Maryland 20899

Keywords: propargyl, shock tube, 1,7octadiyne
ABSTRACT

Dilute concentrations of 1,7 octadiyne have been decomposed in single
pulse shock tube experiments. At temperatures between 1000-1200K and
pressures of 2-7 atm argon, the products are consistent with the main
reaction involving the breaking of the propargylic carbon-carbon. The rate
expression for bond breaking is 1.6x101% exp(-35760/T) s™1. The newly
formed pent-4-ynyl radical can cyclize or decampose via beta bond cleavage
to form another propargyl radical and ethylene. The ratio of rate constants
for the two processes is 5.4x10‘4exp(6700{T) . A parallel retroene reaction
proceeds with the rate expression, 5.6x10 2exp(—27860/T) s7l. The propargyl
radicals recombine to form a large number of linear Cg iscmers. As the
temperature is increased fulvene and benzene are among the main products.
The use of 1,7 octadiyne as a thermal source of propargyl radicals for
studying reactions with other reactive species will be discussed.

INTRODUCTION

Recent studiesl/2 have demonstrated the important role that propargyl
radicals may play as a precursor for the formation of benzene and other CgHg
isomers in hydrocarbon cambustion systems. Except for the work on Kern and
coworkers? at very high temperatures, there have been no direct quantitative
studies involving the reactions of propargyl radicals with other organic
molecules under conditions that lead to results that can be used in
combustion systems. A prerequisite for making such studies is a method for
the generation of propargyl radicals in known quantities. This paper
reports on the results of efforts in this direction and on the nature of the
products fram propargyl radical combination.

Stein et all have confirmed? that one of the possible products of
propargyl radical cambination, 1,5 hexadiyne will easily rearrange through
molecular processes to form fulvene and benzene. Alkemade and Homann? have
generated propargyl radicals through reaction of propargyl bromide with
sodium and reported on the formation of a variety of recombination products,
1,5 hexadiyne, 1,3 hexadien-5-yne, 1,2 hexadien-5-yne, 1,2,4,5-hexatetraene
and benzene at temperatures between 623-673K. They distinguish between
initial and secondary products with benzene and 1, 3-hexadien-5-yne being in
the latter category. To some degree these results are discordant with that
of Stein et al, since one would have thought that with the low energy
molecular decomposition channel for 1,5 hexadiyne, most of this campound
would have been immediately corwverted upon recombination in the low pressure
system used by Alkemade and Homann. In addition, they were not able to
detect the well known characteristic products of 1,5 hexadiyne
decomposition, bis-methylenecyclobutene and fulvene.
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The focus of this study is 1,7 octadiyne decomposition. Previously,
extensive studies® on the deccmpos1t10n of the larger acetylenes have been
carried cut. The important reaction pathways were the breaking of the
 propargyl C-C bond and a molecular process (retro-ene reaction) leading to
the production of allene and the appropriate olefin. On this basis it is
expected that the mechanism for 1,7 octadiyne decomposition will be

1,7 octadiyne -> propargyl + pent-4-ynyl (1)
pent-4-ymyl -> propargyl + ethylene (2)
pent-4-ynyl -> cyclopentenyl -> cyclopentadiene(CgHg)+H (3)
1,7 octadiyne -> allene + pent-l-ene-4-yne (P1EAY) (4)

The desired reactions are (1) and (2) and it will be noted that every
ethylene that is formed leads to the creation of two propargyl radicals.
Reactions (3) and (4) are possible interfering processes. The consequence
of (4) is not important since all that occurs is the release of two stable
species into the system. Reaction (3) releases hydrogen atams. This can
lead to the formation of other radicals and to camplications in the
interpretation of the data. Such effects can be eliminated through the use
of a chemical inhibitor. In addition, major contributions from this channel
will mean that the 2 to 1 relation between propargyl and ethylene will be
violated unless it is taken into consideration.

Fram another point of view the detection of cyclopentadiene is quite
important since pent-4-ynyl is the result of the addition of propargyl to
ethyene. Any products that are formed is indicative of ring closing
becaming campetitive with beta C-C bond cleavage leading to smaller
molecular fragments. It is the competition between these two processes that
is a key determinate of whether soot can be formed in any particular system.

In the course of this work experiments have also been carried out on
the decamposition of 1,5 hexadiyne, 1-hexyne and 2,4 hexadiyne. All of
these studies are aimed at providing confirmation for the surmise that a
runber of the gas chromatographic peaks that are dbserved arise from
propargyl radical combination. This is necessary because it was not
possible to identify specific compourds with these peaks.

Experiments are carried ocut in a single pulse shock tube. Such studies
have unique capabilities for determining the stability characteristics (in
the sense of unimolecular decampositions) of volatile organics at high
temperatures. We have used the method for studymg the thermal unimolecular
deccmpos1tlon processes of many organic campounds®.  More recently, the
med)amsns and rate constants for hydrogen-atam attack on unsaturated
carpwnds have been determined. For these studies, thehydmgenatcnnswere
generated through the thermal decomposition of organic molecules in a manner
similar to the generation of propargyl radicals in this study.

EXPERTMENTAL

The details of the single pulse shock tube and the experimental
procedure6usedmcanyingwtacperinemsmthemema1decmpositionof
organics have been described in earlier publications. Summarizing briefly,
trace quantities of the organic in question, 100-1000 ppm, are deccmposed
the reflected shock in the presence of large amounts of a thermally stable
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chemical inhibitor such as mesitylene. Reactive radicals such as hydrogen
atoms will attack the inhibitor leading to the formation of a less reactive,
resonance stabilized species, 3,5 dimethylbenzyl radical. In the short time
scale of shock tube experiments these can only recambine with itself and
other long lived radicals and therefore can not play a role in the overall
reaction. Analysis was by gas chramatography using flame ionization
detection. The light gases were eluted isothermally using a 12 ft Poropak
N8 colum while the heavier campourds, from C4 on up, were eluted using a
wide bore 30-meter dimethylsiloxane colum in the programmed temperature
mode. All products were identified on the basis of retention times of neat
samples.

The experiments were carried out using the internal standard method.
This eliminated the possibility of errors arising from uncertainties in the
reaction temperature. The intermnal standard used in these experiments was
the decamposition of 4-methylcyclchexene to form propene and butadiene. The
rate expression for this reverse Diels-Alder reaction has previously been
fourd to be

X (4-methylcyclohexene->propenetbutadiene) =2x1015exp (~33400/T) s~1

The use of the inhibitor makes impossible chain processes. Thus the
only decomposition process must be the initial unimolecular reactions. It
is expected that resonance stabilized radicals such as propargyl should not
be particularly reactive with trimethylbenzene in the time scale of the
experiments. Of course it can react with the benzylic type radicals that
are generated in the course of the inhibition reactions. These are chain
terminating processes.

DISCUSSION

The important products bearing on decomposition mechanisms for dilute
quantities of 1,7 octadiyne in mesitylene and argon are listed in Table 1.
It is clear that the dominating channels are the breaking of the propargylic
C-H bond and the retroene reaction leading to the formation of allene and
pent-l-ene—4-yne (P1E4Y). It can be seen that the concentration of the
specific products formed; ethylene, cyclopentadiene, and PI1E4Y is very close
to the amount of the 1,7 octadiyne that is destroyed. Significant
quantities of allene and propyne were also found. A large portion of the
former is due to the retroene reaction. The excess quantities may be formed
through a variety of other mechanisms. Note that as discussed subsequently,
under certain conditions substantial quantities of propargyl radicals
actually survive the heating period and it is possible that propargyl
radical may undergo a variety of other unspecified reactions. Small
quantities of meta-xylene was also found. This is evidence that hydrogen
atoms are present in the system. Since the branching ratio for hydrogen
atom attack on mesitylene have been determined, the total number of hydrogen
atom released into the system can be placed on a quantitative basis. The
concentrations found here are somewhat larger than that which can be
accounted for by cyclopentadiene formation. However, any hydrogen atom in
the system will in fact reveal its presence through the presence of meta-
Xylene.

In the time range where one expects CgHlg compourds to elute under the
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present corditions a large number of peaks were detected. Unfortunately, it
was not possible to obtain the neat samples that would lead directly to the
identification of many of these compounds. Typical chromatograms in this
elution region can be found in Figure 1. At low cornversions (ard
temperatures) one sees the initial formation of a plethora of products. At
high conversions and temperatures one notes increasingly the formation of
fulvene and benzene as well as smaller quantities of other unidentified
products.

An important question is whether these peaks can actually be attributed
to the cambination of propargyl radicals. The results of ancillary
experiments with 1,5 hexadiyne, 1-hexyne and 2,4 hexadiyne are as follows.
In the case of 1-hexyne, where the mechanism involve formation of the
propargyl radical, many of the same peaks that were found in the
decamposition of 1,7 octadiyne were also present. Unfortunately the parent
hexyne~1 pick eluted at the same time as the fulvene peak. In the case of
1,5 hexadiyne the situation is similar to that fourd by Stein and coworkers,
dimethylenecylobutene is first formed, followed by conversion into fulvene
and benzene. Typical chromatograms can be found in Figure 2. It is
interesting to note that in the studies with 1,7 octadiyne and l-hexyne, 1,5
hexadiyne could barely be detected. Nevertheless the pattern of products,
in these studies were very much similar to that found in the direct 1,5
hexadiyne decomposition. The obvious interepretation is that 1,5 hexadiyne
is an important intermediate. The existence for this molecule of very low
energy decamposition channels mean that at the high temperatures of these
studies they are almost immediately converted into the stable decomposition
products, fulvene and benzene. 2,4 Hexdiyne is a minor product. Its
decamposition product was found to be chiefly benzene and a small quantity
of fulvene. These results clearly establish that from the linear CgHg
isamers there must be a variety of pathways to form benzene. In the present
instance benzene must be formed after various hydrogen shifts.

Quantitative results can give a better picture of the rate at which
propargyl radicals are generated in this system. The analysis of this data
and the determination of the appropriate rate constants ard expressions
follow from earlier publications. In the present case the propargyl C—C
bond cleavage is monitored by the yield of ethylene and cyclopentadiene.
The contribution from the molecular retro—ene reaction is determined from
the yields of the pent-l-ene-4-yne (P1E4Y). The rate constants can be
related to the measured yields on the basis of the following relations

k(1)= log(1-X+CyHs+cyclopentadiene/ (1, 7cyclooctadiyne) ) /X*t
k(4)= k(1) *(P1E4Y) /CoHgtcyclopentadiene

where X = 1 + (P1E4Y)/CoHyt+cyclopentadiene, t is the total heating time of
approximately 500 microsec. A plot of these results can be found in Figure
1. The rate expressions for the two initial processes are therefore

k(1)=1.6x1016 exp(~35760/T) s~1
and  k(4)=5.6x1012exp(-27860/T) s~1

It should be noted that the reaction temperature is calculated on the basis

of the propene yields fram 4-methylcyclchexene decamposition and is derived
from the relation 1/T = (log k(4-methylcyclohexene=propene+l,3butadiene)-
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Logh) /E, where the A and E are rate parameters for 4-methylcyclchexene
decamposition decamposition given earlier.

It is interesting to campare these rate expressions with that for 1-
decomposition. The rate expressions are

k (hexyne~1=propargy + n—prcp{l)=8x1015e\cp(-363OO/T)s'l and
k (hexyne~1=allene+CyHg) =5x1012 exp(-28400/T)s 1.

At the reaction temperature the differences in rate constants are factors of
3.3 and 1.8 respectively. For the latter this is very close to the reaction
pathway degeneracy. On the other hand for the bond breaking process the
rate constant for 1,7 octadiyne decamposition is a factor of 1.7 higher than
would be dictated by the two propargyl bond. Fram the rate expressions, it
would appear that this is an activation energy effect, although this claim
cannot be completely justified in terms of the uncertainties in deriving the
rate expression. It appears that propargyl substitution in the beta
position has a larger than expected effect on rate constants for bond
cleavage. Studying octyne-1 decomposition will be very worthwhile.

The ratio of cyclopentadiene to ethylene yields a measure of the
branching ratio for pent-4-ynyl decomposition. An Arrhenius plot of this
ratio can be found in Figure 2. The rate expression is

k(3)/k(2)=5.4x10™%exp (6700,/T)
In the temperature range of these experiments this is equivalent to 25%

cyclization at the lowest temperatures and decreasing to 10% at the other
extreme. Cyclization is thus favored at the lower temperatures and the

- activation energy for cyclization is about 50 kJ/mol smaller than that for

beta C-C bond fission. This is a surprisingly large number since with an
estimated activation energy for C-C bond fission of about 120 kJ/mol will
lead to an activation energy for cyclization in the 80 kJ/mol rarge.

It is also possible that this process is not kinetically controlled and that
the ratio given above is a reflection of the eguilibrium properties of the
cyclic and linear radicals. Obviously further work is required. For the
present purposes it is clear that optimm yields of propargyl radicals will
be acheived at the highest temperatures. At 900 K cyclization and beta bond
cleavage will be equally important.

With this data there is now sufficient information to deduce the
tamporal history of propargyl in the present system. Using a rate
expression for propargyl combination similar to that for allyl9, it was
found that at lower concentrations, 200 ppm level and 2 atms pressure, a
large portion of the radical remain unreacted dquring the entire heating
period and much of the products are thus presumably formed at samewhat lower
temperatures. On the other hand for the higher concentrations 1000 ppm and
7 atms. recombination is substantially completed in during the heating
period. Despite this difference the chromatograms are substantially
similar. In addition, recovery in the form of the CgHg compounds is no more
than 50% of all the propargyls that are released into the system. Here
again the results appear to be independent of the concentration of radicals
released into the system. The former may be a reflection of the low energy
pathways available for decamposition and the formation of hot molecules fram
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propargyl recombination. Propargyl radicals can of course also be removed
from the system by combination with 3,5 dimethylbenzyl and methyl radicals.
These pathways cannot account for all the deficit.

The results are in general confirmatory of the cbservations of Stein et
al regarding the nature of the decamposition products of 1,5 hexadiyne
decamposition and that of Homann and Alkemade regarding the wide variety of
linear CgHg compounds that can be formed, Indeed the present results
suggest many more peaks than the latter reported. It is difficult to
account for the failure of Alkemade and Hamann to find two of the
decamposition products of 1,5 hexadiyne pyrolysis, dimethylenecyclobutene
and fulvene. This is particularly serious for fulvene since it apparently
is quite stable as the temperature is increased. It is possible fraom the
reported retention times of Alkemade and Homann the 1,3 hexadiyne-5 and
fulvene peaks may actually be coincident.

A system for the controlled release of propargyl radicals have now been
described. The next step in this work must be studies where the propargyl
radicals are allowed to react with other unsaturated compourds or radicals
that may be present in high temperature reactive systems. A major problem
in so far as single pulse shock tube studies are concerned is that the
reaction time is very short and if truely quantitative results are to be
obtained concentration of propargyl or reactants must be maintained at a
sufficiently high level so that all the reactions cccur during the heating
period. With such a scenario, measurements of the concentration of one of
the direct propargyl combination products, for example, benzene, and the
product of addition or cambination with another species can now be used as a
means of determining relative rate constants. This can lead to a scale of
propargyl reactivities and predictions regarding the quantity and
distribution of the aromatic products formed in high temperature pyrolytic
systems. Comparison with actual measurements will then lead to an
assessment of the actual importance of propargyl radical in soot forming
systenms.
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Figure 1. Typical chromatograms in Figure 2. 'I'Yplcal chromatograms
the Cg region from 1,7 Octadiyne in the Cg region from
decomposition. Peaks 1,6-8 were not 1,5 hexadiyne decamposition
identified. (2)=1,5hexdiyne (3)= - (2) =1,5hexadiyne, (3)=
dimethylenecyclobutene (4)=fulvene dimethylenecyclonutene (4)=
(5)=benzene. Arrow points to higher fulvene, (5)=benzene. Arrow
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Table 1. Reactant and Product Distribution formed from 1,7 Octadiyne
Decomposition in the Presence of Excesses of Mesitylene

Compounds ( $conversion)

Temp. Pressure CoHy Allene Propyne P1E4Y CgHg  1,70ct

(atm)
a. 200 ppm 1,7 octadiyne in 0.5% Mesitylene and Argon
1080 1.8 1.1 .9 .7 .2 100
1101 2.1 6.1 4.3 .6 4.1 1.5 87
1131 1.8 13.7 8.2 1.3 6.7 2.5 72
1150 1.9 21.9 11.1 10.1 4.9 52
1166 2.2 31.0 15.4 4.7 10.8 5.5 44
b. 1000 ppm 1,7 octadiyne and 1.0% Mesitylene and Argon
1034 1.8 .8 .8 .1 .8 .3 92
1101 2.1 6.1 4.3 .6 3.9 1.3 75
1141 6.2 17.7 10.5 3.0 8.8 3.7 65
1183 6.7 43.1 159.3 7.4 11.8 7.4 27
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INTRODUCTION

Several reports have appeared which describe the reactions of C;H, and the subsequent
formation of benzene. These investigations have been conducted using a variety of experimental
techniques and precursor compounds to form propargyl radicals: allene,! 1,2 butadiene? (shock
tube); 1,5 hexadiyne3 (flow reactors); ethylacetylene" (microjet reactor); rich acetylene flames;5'6
C;H,Cl or C3HyBr + Na’ (flow reactor); allene and propyne:8 (shock tubes). Although there is
general agreement that the reaction of 2 CyH; ---> C¢Hg is an efficient route to benzene, there
are several C¢H, isomers such as bisallene, 3,4 dimethylenecyclobutene, and fulvene that have
been proposed to participate in the sequence of reactions that precede benzene formation® and
consensus is lacking on the details of the.conversion.

Furthermore, reactions of CjH4 with allene and propyne have been proposed! as routes
to benzene via the sequence C;H, + '(:3H4 ---> CgHy ---> C¢Hg + H. The single pulse shock tube
results of Hidaka et al. indicate that benzene yields are greater in the pyrolysis of allene
compared to those recorded from a mixture containing an equivalent amount of propyne.

There has been considerable effort expended on the allene = propyne isomerization by
experimentalists and theoreticians which is described in a recent review.!? The energetics of
various intermediates involved in the isomerization such as trans-vinylmethylene, cyclopropene,
and propenylidene have been calculated and the highest energy barrier, 65.8 kcal/mol,
identified."!

The object of this work is to examine the reactions of two possible precursors for C3H,,
propargy! chloride and 1,5 hexadiyne, and to study the reactions of C;H; with itself and with
allene (C;H4A) and propyne (C3H,P) with particular emphasis on the formation of benzene. This
latter point is important since a correlation between benzene production and soot yield has been
proposed.'?
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EXPERIMENTAL

A shock tube coupled to a time-of-flight (TOF) mass spectrometer is employed to analyze
dynamically the reflected shock zone containing various mixtures of gases. The apparatus and
experimental procedures have been described recenty.!? The mixture compositions and reaction
conditions are listed in Table 1.

The sources of reactants are as follows: C;H,Cl (Aldrich, 98%); C;H,A (Matheson, 93%);
C3H,P (Farchan); 1,5 CgHg (Alpha); D, (Matheson, 99.5%); H, (Linde, 98.5%); Ne (Matheson,
99.999%). lonization was achieved by 32 eV electron bombardment. The mass spectral range
covers m/e 12 - 120. Peak heights were converted to concentrations using calibration plots
obtained under no-reaction temperatures. The following mixtures diluted with neon were prepared
for the calibration of the corresponding species: 3% CyH;Cl; 3% C3H,4A; 3% C3H,P; 2% 1,5
CeHg: 3.2% C,Hy; 2% HCL; 2% CHy; 2% CgHg; and 3% CH,. The mass spectral factor for
CgH, was obtained from previous work in which a carbon atom balance procedure was
employed.'?

RESULTS AND DISCUSSION
Mixtures A, B, and C: 3% C,H;Cl decomposes readily at temperatures above 1400 K. Major

products are C;H,, HCl, and C4H, which were observed to form at the same reaction time. The

amount of HCI formed is equal to the amount of dissociation of propargyl chloride, indicating
that Cl atom is balanced. However, carbon atom balance is only 60 - 80%. Concentration plots
for 3% C3H,Cl pyrolysis at 1411 K are shown in Figures 1 - 4. Solid lines represent model
calculations using the mechanism listed in Table 2. The C3H;Cl mass spectral cracking pattern
displays a substantial peak at m/e 39 (C;H;). At late reaction times, m/e 39 disappears but m/e
74 remains, indicating the formation of CgH,.

Benzene was not recorded in the thermal decomposition of 3% C;H,Cl. However, upon
addition of 5% H, (mixture B), benzene was detected. The major products distribution and the
carbon balance are the same as in the decomposition of 3% C;H4Cl; Cl atoms are balanced. The
results from 3%C,H,Cl - 5% D, (mixture D) are interesting. HCI and DCI are formed almost at
the same time; the temporal HCL/DCI ratio is ~ 5. The following two parallel initation reactions
are proposed to account for the experimental results:

CH,C > GCHy+Cl (17%) m
> GCH, +HCl (83%) )
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Mixtures D and E: Compared to the pymlysi§ of 3% C;H,Cl, 1,5 hexadiyne decomposes at
relatively higher temperatures. The major products are C,H,, C4H,, and C¢H,. Carbon balance
for 2% 1,5 CgHg pyrolysis is 75 - 80% in the temperature range 1657 - 1800 K. Adding 5% H,
does not change the product distribution but results in 100% carbon balance due to the increased
amount of observable products. Benzene production was difficult to determine here due to the
overlap of the parent molecule and benzene.

Mixtures F and G: The TOF results for a 4.3% allene mixture are published in ref. 1. We

employed 3% allene or propyne mixtures here in order to maintain the same carbon atom

concentrations as most other mixtures in Table 1 and to compare the respective benzene yields.
3% allene and 3% propyne mixtures were shocked at the same experimental conditions to
determine if there are any kinetic differences as claimed in the single pulse shock tube work.3
Benzene is formed in amounts of 2.3 - 3.2 x 10 mol/cm?, about the same levels as in mixtures
H and L. CH, is a minor product. The carbon atom balance is ~90%. The reaction profiles were
modeled by the mechanism of ref. 1. Figures 5 - 8 show 3% propyne decomposition at 1770 K.
Examining the C;H, and the product éonoemmtions, it is concluded that there are little or no
observable differences between these two isomers at high temperatures which confirms that the
isomerization reaction is faster than the decomposition.
Mixtures H and I: There are no significant differences in comparing the reaction profiles for
these two mixtures. Benzene appears in amounts of 2.5 x 107 t0 4.0 x 10" mol/cm™ for the
temperature range 1325 - 1735 K. Major products are C,H,, C4H,, HCl. Comparison of the
respective profiles reveals that propargyl chloride decomposes much faster than allene or propyne.
The C3H,Cl profile is obtained by Cl atom balancing, since its mass spectral sensitivity is low
and interference from CgH, at high temperatures is severe. The reaction profiles for mixtures H
and I at 1458 and 1492 K are displayed 1m Figures 9 - 16.

The mechanism in Table 2 is composed of the previous allene mechanism’ and reactions
of propargyl chloride. Benzene appears at lower temperatures in H and I compared to F and G
and is formed mainly from the overall net reaction

CiHy + CyHy > [2 C3Hy] —-> CH

Benzene production predicted by the model is about 4 times higher than the experimental data
as shown in Figures 12 and 16. The carbon atom balance for the two mixtures are about 70% at

~ 1450 K. This carbon deficiency is due to the formation of high molecular weight polyaromatic
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hydrocarbons (PAH) and solid carbon; these steps are not included in our mechanism. The model
describes reasonably well the observable species except for benzene. The overall reactions (3)
and (4) are highly exothermic. It is likely that benzene or its isomers, some of which are highly
reactive, are apparently consumed in a series of reactions leading to PAH and soot. The
mechanism is tentative; extensive modeling of the experimental data is ongoing.

Mixtures J and K: CH,, C;H,, and C¢H, are the detectable products. Reaction profiles and
product distributions are the same as for mixtures J and K at similar reaction conditions. Carbon
balance is around 70%. Information relevant to benzene formation is obscured due to the overlap

of the parent peak.

CONCLUSIONS )

The main decomposition channel for propargyl chloride pyrolysis is through the
elimination of HCl to form C;H,. C3Hj plays an important role in producing benzene in reactions
with allene or propyne. Benzene is not observed in the pyrolysis of C;H;Cl but it is formed

readily in mixtres of C;H;Cl and allene or propyne.
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Table 1: Summary of Experimental Conditions

Mixture Composition Ts, K P, atm
A 3% C;H;C1 1411 - 1608 0.24 - 0.29
B 3% C;H,Cl - 5% H, 1394 - 1633 0.24 - 0.31
Cc 3% C3H3Cl - 5% D, 1364 - 1616 0.23 - 0.31
D 2% 1,5 CgHg 1530 - 1800 0.28 - 0.37
E 2% 1,5 CgHg - 5% H, 1367 - 1827 024 - 039
F 3% CH4A 1564 - 2136 0.27 - 0.45
G 3% C;H,P 1549 - 2131 027 - 0.44
H 1.5% C;H3Cl- 1.5% C;H,A 1295 - 1698 0.20 - 0.32
I 1.5% C3H5Cl - 1.5% C;H,P 1304 - 1793 0.20 - 0.35
J 1.5% 1,5 C¢Hg - 1.5% C3H A 1316 - 1931 022 - 043
K 1.5% 1,5 CHg - 1.5% CH, P 1438 - 1823 0.26 - 0.39
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Table 2. Reaction Mechanism

Reactions A E

1. CHCl=CH; +Cl 1.0E13 65.5
2. GH,Cl=CH, +HO 5.0E13 65.5
3. CH,+ CGH,A = CgHy 4.0E11 0.0
4 GH,+ CGH,P = CeHg 4.0E11 0.0
5. CH+CHA=3CH, 1.7E13 15.0
6. CH+CHP=3CH, 1.7E13 15.0
7. 2GH=CH,+CH, 2.0E13 8.5
8. 2CGH,=CH,+H, 2.0E13 8.5
9. Cl+H,=HCI+H 8.3E13 5.5
10. CHA=CHP 2.0E13 62.0
1. CGHA+M=CH;+H+M 1.0E17 70.0
2. CHP+M=CH;+H+M 1.0E17 70.0
13. GH,A +H=CH, +CH, 2.0E13 2.4
4. CHP +H=CH, +CHy 2.0E13 2.4
15. CH,P=C,H+CH; 42E16 100
6. CHP+H=CH,+H, 1.0E12 15
17. CGHA+H=CH,;+H, 1.0E12 1.5
18. CHP+CH=CH,;+CH, 1.0E13 0.0
19. CHA + CH = CH, + C,H, 1.0E13 0.0
20. GyHP + CH; = CH,; + CH, - 2.0E12 77
2. CHA +CHy = GH, + CH, 2.0E12 7.7
2. CHy+CH; = GHs + CH 1.0E13 3.5
23, 2CHy=CH 2.0E13 0.0
24,  CjHz+ CH; = CH, 5.0E12 0.0
25.  CHA + CyHy = CgHg +H 2.2E11 2.0
26.  2CyHy = CHe(L) 6.0E13 0.0
21, 2C3Hs = CeHg 3.0E11 0.0
8. 2GH;=3CH, 5.0E11 0.0 -

Units are: cm®, mol, sec, keal. Reactions 10 - 28 taken from ref. 1.
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Benzene Formation during Allene Pyrolysis:
Possible Implications for Soot Formation

L. D. Pfefferle, ]. Boyle, and G. Bermudez
Department of Chemical Engineering, Yale University
New Haven, CT 06520-2159YS

Introduction

Pyrolysis of allene in a microjet reactor at millisecond reaction times was used to
study higher hydrocarbon growth processes from C3 hydrocarbon species. Species
detection was carried out using VUV photoionization mass spectrometry. The first
product observed as temperature was increased at a fixed mean residence time was mass
80 followed by smaller than parent mass pyrolysis products, mass 79 and a possible allene
trimer at mass 120. A mechanism for higher hydrocarbon formation in the pyrolysis of
allene is proposed . Allene dimerization to a dimethylenecyclobutane is proposed as the
initial higher hydrocarbon production mechanism during allene pyrolysis and this route
is examined for thermodynamic plausibility.

Background

It has become increasingly apparent in the past several years that C3 routes for soot
formation in flames can be important under some if not many conditions. In several
recent studies of fuel pyrolysis and combustion where both stable and labile product
measurements were made (la,b,2), C4/C; routes for benzene production were determined
to be not fast enough to account for observed benzene production for some of the fuels
used, especially those of C; and C3 hydrocarbons. Westmoreland (1b) has recently made a
reaction pathway study of C3Hz dimerization to benzene using a QRRK analysis and
concluded that this route could in fact be fast enough to account for observed benzene
production rates in several test flames including acetylene and ethylene.

Allene dimerization to dimethylenecyclobutane isomers has been observed at high
conversion in several early flow reactor pyrolysis studies (e. g. 3,4). In one study (3),
primarily the 1,2-dimetheyenecyclobutane isomer (1,2 DMCB) was produced at about 50%
yield by passing allene over quartz chips at 800K with a 6s mean residence time. The
reactor geometry used, however, did not preclude the possibility of significant surface
effects on the rate of dimethylenecyclobutane production and a run with an empty tube
reactor gave somewhat lower conversion but the same product distribution. In the
current study, mass 80 was the first product detected and the detection of mass 120 (a
possible allene trimer) at slightly higher temperatures is consistent with allene
dimerization to dimethylenecyclobutane as the initial pathway for higher hydrocarbon
formation. Although the DMCB isomers are likely the first mass 80 species formed, at
higher temperatures (over 1300K) the predominant mass 80 component is likely
hexadienes. The reaction pathways for formation of the various mass 80 isomers is the
focus of our continuing modeling work. This study investigates the
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feasibility of the DMCB production through allene dimerization and how it can
contribute to early higher hydrocarbon production during allene pyrolysis. It
should be noted that from our previous work (2) methyl acetylene pyrolysis when
carried out at temperatures and reaction times where isomerization to allene was
not significant did not result in either significant mass 80 production or benzene
production. This is consistent with mass 80 formation through allene
dimerization.

Experimental Procedure

Allene pyrolysis was carried out in a microjet reactor source, described in
detail earlier (5). This is a miniature fast-flow reactor coupled directly to a sonic

nozzle with a volume of approximately 3.2 x 109 m3. The reactor geometry consists
of an alumina multibore thermocouple insulator tube inserted into a larger
alumina tube with a sapphire nozzle (50-200 mm). The inner tube is positioned to
leave a reaction chamber 1 mm in length. Reactants (pure allene or allene/Ar in
this study) are introduced to the pyrolysis zone through the center-most hole in the
inner alumina tube (0.4 mm ID) at rates varying from 0.1 - 1.0 scam. The reaction
zone is resistively heated and temperature within the reactor zone has been
calibrated using thermocouples. Thermocouples were not used continuously
during experiments due to the catalytic oxidation/pyrolysis observed on the
platinum/rhodium wires. Pressure within the microjet reactor was maintained at
600 * 20 torr. Under the stated operating conditions, wall reactions were not
observed to significantly affect product distributions. Significantly lowering the
pressure (by a factor of >10), however, leads to greater aromatic abundance at lower
temperatures.

A schematic of the VUV photoionization mass spectrometer (VUV-MS) and
microjet reactor assembly is illustrated in Figure 1. The TOF-MS is equipped with
Wiley-McLaren type acceleration for higher resolution and an ion reflectron to
compensate for initial ion energy spread, to provide a longer effective flight length
(1 meter) and to prevent the considerable quantities of neutral polymeric
hydrocarbons produced from reaching the detector. Mass signals are displayed in
real time and recorded directly onto a digital storage oscilloscope which is
interfaced with a PC for data analysis. The mass resolution for the experiments
described herein was measured as 325 at 78 amu.

VUV photons were generated by the non-linear optical mixing technique of
third harmonic generation in Xe. A frequency tripled Nd:YAG laser (Quanta Ray
DCR-11 system) operating at 10 Hz was focused into a Xenon cell with a 30 cm path
length at 26 torr. The signal from CgHg™ produced by single-photon ionization of
CgHg from a 300 K fixed flow microjet expansion was used to monitor relative UV
to VUV conversion efficiency. Optimum efficiency was found at approximately 30
m] of energy in a 8 ns pulse at 354.6 nm, corresponding to a peak power of
approximately 3.75 x 106 w.

Ionization efficiencies at 118 nm are relatively constant (+/- 35%) and high

for many five carbon hydrocarbons and larger, since these compounds have
ionization potentials (IPs) of one to two eV below the photon energy (1182 A =
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10.49 eV). Therefore the simultaneously-obtained peak ratios are good
approximations of relative concentration. However for smaller hydrocarbons with
ionization potentials lying closer to the single photon energy, absorption cross
sections and ionization efficiencies vary considerably. Consequently, these species
must be calibrated individually. Detection efficiencies of the various molecular
hydrocarbons must likewise be considered to obtain quantitative data. These
calibration issues have been presented in an earlier publication (5) and are
discussed in detail in the PhD thesis of J. Boyle (6).

In our detection scheme only the molecular masses are detected, and the
identity of structural isomers can only be inferred from arguments of internal
consistency or knowledge of kinetic mechanisms and rate constants.

Experimental Its and Discussion

An overview of the relative concentrations of higher than reactant mass
hydrocarbons detected at 2ms mean reaction time is given in Table 1. As
temperature was increased from 300K to 1200K at 2ms mean residence time, the
first reaction product observed was mass 80 followed at slightly higher
temperatures by reaction products smaller than the parent mass such as ethylene.
Flow reactor results also indicate methane and hydrogen in significant quantities,
although those products were not directly measured in this study due to their high
ionization potentials (methane was indirectly measurable through its
fragmentation product methyl radical). At 1320K mass 79 was detected above ppm
levels and was observed to reach significant steady state concentrations prior to the
appearance of mass 78. Benson and Shaw (7a,b) studied the pyrolysis of 1,3 and 1,4-
hexadiene at low pressure and temperatures from 520 - 840K. These investigators
found that while benzene production from1,4-hexadiene proceeds through
molecular elimination of hydrogen, the mechanism for benzene formation from
1,3- hexadiene proceeds via achain mechanism involving hydrogen atoms,
hexadienyl radicals and cyclohexenyl-3 radicals. The rate constant data reported is
consistent with our mass 79 and benzene formation rates assuming our
experimentally measured mass 80 concentration at 1450K contains a significant
component of 1,3-hexadiene. This analysis suggests that a possible pathway for
early benzene production during allene pyrolysis involves conversion of 1,2
dimethylenecyclobutane formed through allene dimerization to 1,3-cyclohexadiene
as temperature is increased followed by a higher activation energy, slower
conversion of cyclohexadiene to benzene through the cyclohexadienyl radical.

As temperature was increased above 1450K a broad range of hydrocarbons
with 6 or more carbons were detected including mass 78, with the largest
contributions initially coming from masses 91/92, 94, 106, 116-118, 120, 144 and 158.
Mass 120 was possibly formed through reaction of a DMCB component of mass 80
with allene as noted in early work on the thermal polymerization of allene. Note
that the mass 120 abundance decraeses somewhat with temperature above 1515K.
Mass 120 and 160, which are possible allene trimers and tetramers, were not seen in
ethylacetylene pyrolysis but are present at significant levels in this study. At 1450K,
mass 120 was observed in the next largest abundance to masses 80 and 79. This is
another indication of allene dimer formation in this system. The mechanism
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illustrated below was reported for allene dimer and trimer formation by Weinstein
et al. who identified the structural isomers using NMR.
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At higher temperatures and allene conversions, these species are converted
through reactions with smaller hydrocarbons and hydrocarbon radicals such as
CyH. The early appearance of mass 144 suggests such a route.

Allene dimerization

Thermodynamic parameters for both 1,2 DMCB and 1,3 DMCB were
estimated using the THERM program(9) and compared with experimental values
where available. For 1,2 DMCB, the DHyy, = 47.3 kcal/mol (calculated) and 48
kcal/mol (measured) and for 1,3 DMCB, the DHj,;, = 51 kcal/mol (calculated) and
53.3 kcal/mol (measured). These values are in good agreement (2-3kcal/mol lower)
with the values calculated by Kovacevic and coworkers (10) using the maximum
overlap method. These investigators also reported the experimental and calculated
strain energy for 1,3 DMCB. From this data, equilibrium constants for the reactions

2Allene — 1,2 DMCB and 2Allene — 1,3 DMCB were calculated and are presented
in Figure 2. The equilibrium constants for both reactions are greater than one at
1200 K. The rate of allene dimerization rate to 1,2-DMCB is pressure dependent and
approximately 43.8 Kcal/mol exothermic.

Conclusion

A microjet reactor coupled to vacuum-UV photoionization was used to
study the formation of higher hydrocarbons during the pyrolysis of allene. By use
of this technique, a progression of intermediate species profiles including
hydrocarbon radicals were obtained as a function of temperature at millisecond
reaction times. Mass 80 was the first product species observed as temperature was
increased which is consistent with early flow reactor studies of allene pyrolysis
leading to the formation of predominantly the 1,2 isomer of
dimethylenecyclobutane.

Our current work involves an analysis of a proposed mechanistic pathway
for conversion allene to 1,2 dimethylenecyclobutane and subsequently to benzene
and other higher hydrocarbons. A possible pathway for early benzene production
during allene pyrolysis involves allene dimerization to 1,2 dimethylenecyclo-

1436

_——— e




butane followed by a multistep mechanism converting 1,2-DMCB to 1,3-hexadiene
which goes through a higher activation energy, slower conversion mechanism to
benzene through the cyclohexadienyl radical. A kinetic analysis using rate data for 1,3-
cyclohexadiene to benzene conversion obtained by earlier investigators (7) shows that
this route could account for the initial rate of mass 78 production observed
experimentally. The higher hydrocarbon product distribution observed in particular
the early formation of mass 120 supports the proposed allene dimerization to 1,2-
DMCB. Future work will include resolution of mass 80 isomers to aid in the reaction
pathway analysis. Data from earlier flow reactor studies can not be used to resolve
these issues because of the intrusion of surface effects.
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Table 1

RELATIVE CONCENTRATIONS OF PRODUCT SPECIES
DURING THE PYROLYSIS OF ALLENE 2ms, 600 Torr.

TEMPERATURE (K)

MOLECULAR
WEIGHT

1280 1320

80 2.4 s

118
120
128
130
142
144
154
156
158
160
166
168
170
178
180

$ Species present in 0-1 unit
. Species present in 1-2 units

1450

Ll
ivoN

'S
* O

W, Whp W
Wl awaN=

n
IS

7.8

2.7

3.5

1515

4.7
29

1545

Note: Only those hydrocarbon radical spacies with comparable concentration to the

stable analog were included in this table.
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THE FORMATION OF BENZENE '
IN ’
FLAMES

James A. Miller and Carl F. Melius
Sandia National Laboratories
Livermore, CA 94551-0969

Introduction

The mechanism by which aromatic compounds are formed in flames of aliphatic fuels is currently
a "hot topic" in combustion. This interest stems from the importance of small aromatic
compounds in the formation of PAH (polycyclic aromatic hydrocarbons) and soot (undesirable
by-products) in combustion processes. The formation of the "first ring" is a key step in such
processes and may well be rate limiting. The identification of the elementary reactions leading
to the first aromatic compound consequently is of paramount importance.

Perhaps the two most cited reactions leading to cyclization (i.e., ring formation) are the
reactions, .
n- C4Hg + C3 Hy < CgHg + H

and n - C4H3 + C3 Hp < CgHs,
where CgHg is benzene and CeHs is phenyl. Unfortunately, both n-C4H3 and n-C4Hj5 have
isomers, i-C4H3 and i-C4H 3, that are more stable than they are, and distinguishing between
the isomers on a mass spectrometer (the diagnostic tool in most flame experiments) is
-impossible. Consequently, to determine the extent to which these reactions occur in a flame
requires a thorough understanding of the "pre-cyclization" chemistry. In fact, a thorough
understanding of the pre-cyclization chemistry is essential in determining what the cyclization
steps are in any event.

In the present paper, we review the mechanism we have proposed previously(l,Z)_ for the
formation of C3 and C4 hydrocarbons in rich acetylene flames. In doing this we compare the
predictions of our kinetic model with the experimental results of Bastin, et al.(3) and
Westmoreland,(4) in lightly sooting CyHp/Oo/Ar flames. In addition, we discuss the

implausibility of reactions (R191) and (R190) (reaction numbers refer to the table in Ref. 1) as
primary cyclization steps in such flames. We show that the reaction between two propargyl
radicals,

C3H3 + C3H3 < CgHs + H (RA)
or C3H3+ C3H3 < CgHg, (RB)

is a much better candidate for forming the first ring. This leads us to perform extensive BAC-

MP4 calculations on this reation and to interpret the extensive amount of low-temperature
pyrolysis data on non-aromatic C6Hg compounds in terms of this potential.

FLAME CALCULATIONS, CHEMICAL KINETICS, AND THERMODYNAMICS ‘

The flame calculations discussed in this paper were performed in the same manner as described
previously,(l-z) using the Sandia flame code.(5:6) Thermodynamic data come primarily from
the Chemkin thermodynamic data base,(7) supplemented by BAC-MP4 results for some key
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C3 and C4 species. These species have subsequently been added to the Chemkin data base.
The reaction mechanism is the same as that described in Refs. 1 and 2. This mechanism

utilizes the rate coefficient expressions given by Westmoreland for reactions (R190) and
(R191). .

THE FORMATION OF C3 AND C4 HYDROCARBONS

Even in sooting acetylene flames the dominant C2H2 removal step is the two - channel
reaction,

C2H2 + 0O & HCCO +H (R100)
C2H2 + O & 3CHz + CO. (R99)

In rich flames, the ketyl formed in reaction (R100) reacts primarily with hydrogen atoms to form
1cHy

H + HCCO & 1CH2 + CO. (R126)
The presence of ICH? in these flames has important consequences for the formation mechanism
of C3 and C4 hydrocarbons.

Singlet methylene, 1CH2. inserts rapidly into acetylene, forming propargyl and a hydrogen atom,
1CH3 + C2H2 & C3H3 +H. (R143)

Reaction (R143) is the primary source of propargyl, which is principally consumed by reaction
with H-atoms. Vinyl acetylene (C4H4) and C4H3 are formed by the reactions.

3CHz + C3H3 & C4Hs + H (R171)
C4Hg +H & i - C4H3 + Hp (184)
and C4H4 + H & n- C4H3 + H) (R175)

Diacetylene, C4H2 comes from
i-C4H3+H & C4H2+ Hy, (R182)
as well as the sequence

OH + C2H2 &C2H + H O (R111)
C2H + C2H2 & C4H2 + H. (R124)
Butadiene and the butadienyl radical, C4Hg and C4H35, are formed from lcH2 by circuitous
routes through ethylene and vinyl,
ICH; + H20 & CH3+ OH (R141)
and ICH2 + H2 & CH3+ H. (R140)
Reactions (R140) and (R141) are the most important sources of methyl in these flames. There
then follows the reaction sequence leading to C4Hg and C4Hs
3CHz + CH3 & C2H4 +H (R95)
~ C2H4 + H < CoH3 + Ha (R92)
C2H3+ CoH3 & i-C4Hs+H  (R109)
CH34+ CH4 & C4Hg+ H (R208)
and C4Hg +H & i- C4Hs5 + H2 (R210)
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Figures 1 and 2 show comparisons of our model predictions with the experiments of
Westmoreland for C3H3 and with those of Bastin et al. for C4H3 and C4H5. Many other
comparisons are shown in Refs. 1 and 2.

FORMATION OF BENZENE
In the reaction mechanism of Ref. 1, there are only two ways to form benzene,

n- C4H3 + C2H2 & CgHs, (RISD)
followed by phenyl either adding or abstracting a hydrogen atom, and

n- C4Hs + C2H2 & CgHg +H,  (R190)

Because of the low levels of both isomers of C4H35 in the flame, neither (R190) nor its i-C4Hs
counterpart is ever an effective route to benzene formation in our model. Consequently, all the
benzene formed is through phenyl. In compeuuon for phenyl with reacuons that produce
benzene are the oxidative paths.

CgHs + 02 & CgHsO +0 (R198)
and CgHj5 + OH & CgHSO +H (R197)

In order to be conservative about eliminating reactions as possible sources for benzene, we
have in some cases added the CgHg and CgHSO predictions to compare with the experimental
benzene profiles

Figure 3 shows comparisons of model predictions with the experimental results for benzene
from Bastin, et al.(3). The basic model is unable to predict the benzene concentrations
measured in the flame primarily because of the reactions,

n-C4H3+Hei-C4H3+H  (RI77)
and n-C4Hs+H e i-Cq4Hs5+H (R213)

which render the n-isomers very small fractions the total radical concentrations in the flame.
Even increasing k198 and k197 by a factor of ten (an unreasonable increase) does not result in
sufficient benzene levels. Neither does including reactions of i - C4H3 and i - C4Hs with
acetylene to form benzene. The fact that case (d) in Fig. 3 comes close to the experiment really
implies that all the C4H3 would have to be the i-isomer to predict the benzene levels observed.

From Fig. 3 one can see that only the reactons,

C3H2 + C3H3 & CgHs
and C3H3 + C3H3 & CgHs +H

are capable of predicting the benzene levels observed in the flame. The first of these reactions,
because of the high rate coefficient required and because our model overpredicts the C3H2
concentrations observed by Westmoreland (thus implying an even higher rate coefficient), is a
less attractive candidate than the second. The second reaction, the recombination of two
propargyl radicals, has been suggested as a source of benzene in shock tube experiments on
the pyrolysis of allene and propyne by Kern and co-workers(8,9) and, independently and

concurrently with our work, (1) has been suggested by Stein, et al. (10) as a possible source of
benzene in acetylene flames.
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PROPARGYL RADICAL RECOMBINATION

In order to test the viability of forming an aromatic compound, i.e., either C¢Hs + H or CeHeg,
from the recombination of two propargyl radicals, we have performed an extensive set of BAC-
MP4 electronic structure calculations. The results are presented in Figs.. 4 and 5. Propargyl is
a resonantly stabilized radical with the two structures,

H H H H

\ Y J ~N - 7

C—C=C an L=c=C .

4 ~
If we refer to the end of the radical with two hydrogens as the head and the end with one
hydrogen as the tail, Fig. 4 shows the intermediate structures and potential energy barriers
encountered in head-to-head or tail-to-tail recombination, and Fig. 5 shows those encountered
in head-to-tail recombination.

Our potential is at least qualitatively consistent with a vanety of low- -temperature pyrolysis
experiments{10) which show 3,4 - dimethylenecyclobutene = and fulvene @ as primary
products of both 1, 5 - hexadlyne (= ——— =) pyrolysis and 1,2,4,5 - hexatetraene (= = - = =
pyrolysis. Our one inconsistency with these experiments is the implication that there is a low
energy path to benzene from 1,5 hexadiyne and 1,2,4,5 hexatetraene. We have not yet found
one. The implication of these results we discussed in Ref. 1. However, we do find an
energetically accessible path from C3H3 + C3H3 to benzene and to phenyl + H via head-to-tail
recombination, as shown in Fig. 5. Thus, our calculations confirm the possibility of forming
benzene in flames by a relatively fast reaction between two propargyl radicals. Such a result is
also consistent with the experiments of Alkemade and Homann(! 1), which show a fast

C3H3 + C3H3 rate coefficient and show benzene as a major product.

Acknowledgement: This work is spoﬁsored by the U.S. Department of Energy, Office of Basic
Energy Sciences, Division of Chemical Sciences
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Figure 3
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Comparison of model predictions with the experiments of Bastin, et al. for benzene (a) model of
Ref. 1, (b) model of Ref. 1 with the addition of C3H3 + C3H3 & CgH5 + H (k = 1 x 1013cm3/mole
sec); {c) model of Ref. 1 with the addition of C3H3 +C3H2 ©&CgHs (k=5 x 1013¢m3/mole-sec.);
(d) model of Ref. 1 with the addition of i- C4H3 + CoH2 & CgHs and i - C4Hs + C2H2 &
CeHeg + H (same rate coefficients as for the analogous n - C4H3 and n - C4Hj5 reactions); (€)
model of Ref. 1 with kyggand kg, increased by a factor of ten; (f) model of Ref. 1 with the heat of
formation of i - C4H3 increased to 121.7 kcal/mole. In cases d, e, and f, the predictions are for
the sum of CgHg and CgH50
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C3;H3; REACTION KINETICS IN FUEL‘RICH COMBUSTION

S. D. Thomas, F. Communal, P. R. Westmoreland
Department of Chemical Enginecring, University of Massachusetts
Amherst, MA 01003

Keywords: propargyl, chemical activation, benzene
ABSTRACT

At typical flame temperatures and pressures, we predict that direct propargyl (C3Ha)
combination forms the open-chain CgH specics 1,5-hexadiyne, 1,2,4,5-hexatetracne, and
4,5-hexadienyne in preference to cyclic C¢Hs specics 3,4-dimethylenecyclobutene, fulvene, and

benzene(/ﬂ\, \U/,and \U vs. v, b,and @). These chemically

activated reactions, analyzed by a new Q-formalism of Bimolecular Quantum-RRK, have rate
constants and rates that are consistent with CgHg data from a GGH,/0,/ Ar flat flame. Cyclic
CgHg's may then be gencerated by thermal isomerizations.

INTRODUCTION

Recently, C;H; has been the subject of intense interest as a possible precursor to aromatics in flames.8
In earlier work, Hurd and co-workers proposed in 1962 that aromatics might be formed by combination of
trimethine (CHCHCH) °, and Tsang had encouraged others to explore propargyl (-CH,C=CH or CH=C=CH:)
as an aromatics precursor based on his high soot yiclds from pyrolysis experiments.1® Kern and co-workers
provided the first experimental cvidence and mechanism for CgHy formation from C3Hs, 2 stimulating much of
the subsequent research.

In 1989 we proposed?® a chemically activated pathway from C3Hj to benzene (Figure 1), similar to that
of Kern, and presented preliminary calculations of its feasibility. The electron density of propargyl is best
represented as propynyl although it is a resonance structure of propynyl and propadienyl (CH=C-CH,- and
‘CH;=C=CH,). Propynyls may combine to make chemically activated 1,5-hexadiyne (“hot" 1,5-hexadiyne).
The hot adduct may isomerize by a Cope rearrangement to hot 1,2,4,5-hexatetraene, which may isomerize to
make hot 3,4-dimethylenecyclobutene (DMCB) by a sigmatropic ring closure analogous to that of 1,3-butadiene
forming cyclobutene. DMCB can isomerize to hot fulvene (methylenecyclopentadiene) which can isomerize to
hot benzene. Because of chemical activation, the energy released into the first adduct by bond formation, each
of these steps occurs above the intrinsic or thermal energy barriers. Each one of these chemically activated
isomers may be stabilized by bimolecular collisions, or it may decompose or isomerize unimolecularly. This
hypothesized route was based on thermal pyrolyses of 1,5-hexadiyne to DMCB, fulvene, and benzene;!!-15
pyrolysis of hexatetracne to the same products;! pyrolysis of DMCB to fulvene and benzene;!S and pyrolysis of
fulvene to benzene. !5 Compared to the route of Kernand coworkers;? this route could proceed without thermal
intermediates and without diradicals.

Independently and at the same time, and Stein developed a route similar to that in Figure 1,5 and
Alkemade and Homann proposed a fourth, quite different route® Stein pyrolyzed 1,2-hexadiyne at different
temperatures in a VLPP reactor. At low temperatures, DMCB was formed, while at higher temperatures,
fulvene and benzene were formed apparently from a DMCB intermediate; Stein proposed that parallel paths
to the two products may occur. Alkemade and Homann have made the only direct experimental studies of C3Hj
combination, finding a mixture of products including benzene. Their mechanism involved cyclopropenyl
intermediates similar to those proposed as intermediates in propyne/propadiene isomerization.l”

More recently, Miller and Melius” have proposed a fifth route via 4,5-hexadienyne, the head-to-tail
combination product of propargyls. They suggest rearrangement of the acetylenic group to a vinylidene form,
which would insert into an allenic C-H bond to form a 1,24-cyclohexatriene. Finally they suggest rapid
rearrangement to benzene, apparently by a molecular 1,3 H-shift.

Most of these routes are energetically feasible, but there are energetic and entropic challenges to
overcome en route. Direct closure to a six-membered ring requires a tight transition state with loss of internal
rotation(s), and 1,2- or 1,3-H-shifts and cyclization to four- or five-membered rings is even tighter. The overall
exothermicity in forming benzene is a strong driving force, but the intermediate steps must be successful as well.
Calculations are presented here for the mechanism of Figure 1. The formation of thermal intermediates is
predicted to play more of a role than in C;H; and C;Hs additions to C;H,, where the low A-factors (entropic
difficulty) are compensated for by low energy barriers to cyclization.
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CALCULATIONAL METHODS

Multiple isomerizations require a new form of chemical-activation analysis, so we have developed®® a
"Q-formalism.” Some discussion of the form and nomenclature serves to clarify the process of multiple
chemically activated isomerization. The ith isomer can be designated either as being in a specific energy state,
I{E), or as being the thermal species I; (species in a thermal distribution). High-energy states I{E) may be
collisionally stabilized by a third-body gas, or they may decompose or isomerize unimolecularly.

Consider Figure 1. Propynyl combination forms different quantum states I,(E) of 1,5-hexadiyne (i=1)
with a rate constant k..f{E,T), where k.. is the high-pressure-limit rate constant for reactants forming the
thermal adduct I; and f(E,T) is the chemical-activation distribution function. With sufficient energy,
L(E) may:

(a) Be stabilized by a third-body gas M into a thermal distribution I; ata rate §; Z,IM}MI;(E)l;

(b) Decompose to new products like H + =---= at a rate (kq..(E)) ;- [I{E)]; where j is one of J(i)
decomposition channels;

(¢) lIsomerize to I(E) (1,2,4,5-hexatetraene) with a rate (k;(E));-[I{E)]; or

(d) Revert - just a decomposition channel for the first isomer, the adduct, but designated for generality
as if it were a reverse isomerization with a rate of (k.,(E));[I{E)].

Likewise, I,(E) may isomerize in turn to I3(E) (3,4-dimethylenccyclobutenc), I,(E) (fulvene), and I;(E) (benzene).
Each I{E) may be stabilized to I;, decompose, isomerize to the next isomer, or revert to the previous isomer.

The rate constants have a compact form incorporating a recursive term Q;. Here we show a Quantum-
RRK form, where the energy variable, quantized relative to the bottom of the first encrgy well, is n =E / h<v>:

i

k(CHy + GHy L) = BiZi(M] - g( Q.(E) m
n=E/h<v>=m;

i

R(CHy + GH; 5P+ Py) = (haec(E))y - g( Q.(E) [2]
n=m;
kmurce

QUE) = Ji) 3]

BZiM] + Y (kaeelB)yy + (R(ED; + (k.(E)); - (ki(E)iur @iy
a1

where m_; is the quantized barrier for reversion of I, to reactants;
Ryource = kfE,T) for i=1 or (ky(E)),, for i>1; and
(k(E)); =0 and (R(E))i,rQi., = 0 for i=N.

Energy-dependent rate constants k(E) for the ith isomer are calculated relative to the bottom of the energy
well for that isomer,!® but the summations of Equation 1 and 2 are over the energies of the chemically
activated adduct.

High-pressure-limit Arrhenius parameters of the different steps are the key input parameters for the
calculations. Parameters in one direction are often available or may be estimated, but thermochemistry is
necessary to obtain parameters in the opposite direction. Thermochemistry used here is summarized in Table I,
and the resulting set of A-factors and activation energies is presented in Table II. Other parameters necessary
for the calculations include mean frequency of the isomers (1010, 1240, 1176, 1209, and 1205 c¢m! for i=1to 5,
respectively); molecular weight of 78.06; Lennard-Jones parameters ¢ = 5.27A and e/« = 440 K; and molecular
weight, Lennard-Jones parameters, and collisional step-down size for the third-body gas M.

RESULTS

At high pressure (1 atm, Figure 2a) and low pressure (600 Pa, Figure 3a), C3H; combination as propynyls
is predicted to form the thermal adduct as its dominant channel. This result is somewhat surprising, as there is
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no intrinsic energy barrier to procecding all the way to benzene or to phenyl and H. On the other hand, while
the chemically activated adduct can go over the isomerization cnergy barrier, entropy loss in the tight
transition state is a serious limitation, as manifested in the low A-factor. At its lowest energy level (the
ground cnergy of the reactants), the hot adduct has 29 kcal/mol available for isomerization, but the A-factor,
which limits k(E), is only 3-10!" and the energy gain in isomerization is only 1 kcal/mol. Stabilization of the
adduct is then relatively easy. At higher cnergy levels, reached at higher temperatures, the A-factors favor
reversion to reactants by a loose transition state. Phenyl contributes only slightly, and then only at 600 Pa and
the highest temperatures; DMCB is the dominant thermal product, which may rapidly, thermally isomerize.®
Once 1,5-hexadiyne forms, it may isomerize thermally to benzene. Likewise, the next most important
products, 1,2,4,5-hexatetracne and 3,4-dimethylcyclobutene may form benzene thermally.
Combination as propadienyls should be much less favorable. Radical density is greatest on the CH;
group within C3Hj, corresponding to propynyl, and C3Hj tends to react as propynyl® If C3H; had 10%
propadienyl character, the probability of propadienyl+propadienyl combination would only be 1% of the total
combination rate. Again, though, thermal isomerization of the products would be possible. Also, head-to-tail
combination (propynyl + propadienyl) forms 4,5-hexadienyne, which may isomerize to benzene thermally.?®
These results would agree with the experimental results of Alkemade and Homann?® only if thermal
isomerization contributed, but there is no conflict with the C;H,/O,/ Ar flame data of Westmorcland et al. 3
The predicted rate constants would casily account for the rate of CsHg production in that flame, as molecular-
beam mass spectrometry does not resolve isomers of mass 78. Also in that work, a microprobe sample of the
stable species was collected downstream of the region of high CgHg production rate. GC/MS analysis using
aDB-5 fused-silica column identified four isomers of mass 78 at concentrations of 6, 1.3, 20 (for benzene), and 0.4
ppmv in the flame. Futurc work in our laboratory will examine the isomer split throughout this flame.
Another possible cause of discrepancy is uncertainty in the input barriers. Stein inferred a rate constant
of 8:10'%xp(-50.0/RT) for DMCB pyrolysis to fulvene and benzene® Using these alternative parameters for
DMCB - fulvene, little change in the largest rate constants is predicted at 1 atm. In contrast, direct formation
of phenyl contributes much more significantly at 600 Pa and the highest temperatures, although the thermal
path is also predicted to dominate at lower temperatures. Again, having no intrinsic barrier is helpful, but
entropic limitations are also very.important. ’
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Table I: Thermodynamic properties of species used in the analysis (1 atm standard state).

AH{ 20 S

8
Species and structures (kcal/mol) (cal/mol K) Source

Propargyl, GHj 814 60.6 AH{, of McMillen and Golden (Ref. 20);
pargy’ f.

S79s estimated.

1,5-hexadiyne ( ///—\\) 99.0 81.3 AH{ of Rosenstock et al. (Ref. 21), compared lo

99.5 by group additivity; S by group
additivity.

/ o
1,2,4,5-hexatetracne (\U ) 98.0 78.6 AHy of Rosenstock et al. (Ref. 21), compared to

94.5 by group additivity; Sg by group
additivity.

Dimethylenccyclobutene (v) 80.4 68.4 AHp of Roth et al. (Ref. 22); 5355 from

statistical mechanics using literature moments
(Ref. 23) and frequencies assigned by analogies
with fulvene.

Fulvene ( b) 53.5 67.9 AH{ of Roth et al. (Ref. 22), compared to 45.4

by group additivity; S;3 from statistical
mechanics using literature frequencies (Ref. 24)
and moments (Ref. 23).

Benzene ( Q) 198 643 Benson (Ref. 25).

Phenyl 78.5 69.4 AH{ of McMillen and Golden (Ref. 20); S35 of

Benson (Ref. 25).

H-atom 52.1 274 Benson (Ref. 25).
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Table II: High-p

limit rate con

s units; Eg.¢'s are in kcal/mol.

for steps in the Cy3H, + GyH, reaction set. A-factors are in cm®, mol,

k/md kuu

Reaction Afwd  Eofwd Ars  Eirm  Sources

///—\\\ - 2C3H;, 66107 632 3110 00  k, from KCyHa+CyHp)=34.10" by
measurements of Alkemade and Homann
(Ref. 3) assuming C3Hj had 90% propynyl
character; kg from K.

N\ / 1 12 3

/T 3.010" 344 11510 354 kg from fit to data of Huntsman and
Wristers (Ref. 11).

\ / 16 11 13

- 2CH, 2810 642  3410" 00 Ky, from k(CoHa+CsHy)=3.4-10" by
measurements of Alkemade and Homann
(Ref. 3) assuming C3H3 had 10% propadienyl
character.
i

\U - v 3410 159 5810 335  k,, by analogy to kicyclobutene — 1,3
butadicne) of Jasinski ct al. (Ref. 27).

v - é 3.108 66 3910" 93. kg, by analogy tok(fulvene — benzene); sce
text for comparison to 8:10'2exp(-50.0/RT) of
Stein (Ref. 5).

é - @ 3.10” 66 1.810™ 100 kg from midrange of Arrhenius parameters
of Gaynor ct al. (Ref. 16).

O - H+Phenyl 18101102 2210 0  k from ks of Ackermann et al. (Ref. 28).
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Figure 1. Energy diagram for propargyl combination, subsequent isomerizations, and decompositions.
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Figure 2. Arthenius plot at 1 atm of predicted rate constants for C;H;+C;3H; combining as propynyls: (top) using
66 keal/mol barrier for DMCB to fulvene, (bottom) using 50 kcal/mol barrier of Stein (Ref. 5). Product

channels: 1,5-hexadiyne M, 1,24,5-hexatetraene A, 3,4-dimethylenecyclobutene 0, fulvene 0, benzene
O, H + phenyl A.
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Figure 3. Arrhenius plot at 600 Pa of predicted rate constants for C;H3+C3Hj combining as propynyls: (top) using
66 kcal/mol barrier for DMCB to fulvene, (bottom) using 50 kcal/mol barrier of Stein (Ref. 5). Product

channels: 1,5-hexadiyne M, 1,245-hexatetracne A, 34-dimethylenecyclobutene 0, fulvene 0, benzene
0, H + phenyl A.
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INTRODUCTION

Most studies on aromatics formation in flames have been concentrated
on small fuel moleculesl®. On the other hand, practical combustion
systems such as automotive or airplane engines burn hydrocarbon fuels
containing seven to fourteen carbon atoms. Moreover, the few kinetic
studies on the combustion of liquid fuels have been o.iented towards
knock phenomenon and have been conducted in a temgerature range (lower
than 1000K) where peroxides formation dominates? 8. Aromatics and soot
are formed at higher temperature, and to improve Kknowledge on
formation of these pollutants in practical systems, there is a need
for experimental and modelling studies on flames of large fuel
molecule.

A few years ago, we started both experimental and modelling studies on
rich premixed kerosene flames. Since kerosene is a complex mixture
with alkanes as major components, the structure of a near sooting
decane flame (equivalence ratio 1.9) was studied first and we
developped a kinetic model which predicted the mole fraction profiles
of species involved in the formation of benzene with a good accuracy?.

In this work we present the result of temperature and mole fraction
measurements in sooting kerosene and decane flames. Results show that
for all species except benzene there is a close similarity between the
two flames so that the kinetic mechanism derived for decane is also
valid for modelling kerosene combustion with only one change
concerning benzene formation. A specific study was carried out to
identify an additional source for aromatics formation in kerosene
flames.

EXPERIMENTAL

The premixed sooting kerosene flame (8.0% kerosene, 56.4% oxygen,
35.6% argon) was stabilized on a flat flame burner at low pressure (6
kPa) . If kerosene was decane, this corresponds to an equivalence ratio
of 2.2. Gas velocity at burner exit was 24 cm/s. A decane-Op-Ar flame
with the same initial composition was stabilized and analyzed in
identical conditions. Temperature and mole fraction profiles were
measured along the symmetry axis. Molecular beam mass spectrometry
technique was used for species analysis and Pt-Pt 10% Rh thermocouples
for temperature measurements (wires diameter 50 m) . Coating with
Be0/Y,03 prevented catalytic effects, and heat losses due to radiation
were compensated by electrical heating. Identification of species and
calibration of the mass spectrometer have been described
elsewerell 11 '

A Gilson pump manufactured for Liquid Chromatography was used to
control the flow rate of kerosene. The fuel was first atomized by
dragging through a small orifice by a high pressure argon jet and then
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vaporized in a heated chamber. Adjustment of atomizer and vaporizer
temperature was rather critical. Temperature had to be maintained
between 170°C and 200°C to prevent fuel condensation or
polymerization, respectively.

RESULTS

In a previous study on the modelling of acetylene flames, the
formation of the first aromatic rings was described by acetylene
addition to C4 species :

CqHg + CpHy;  —==> CgHg + H (1)
C4H3 + C2H2 —-_——> C6H5 (2)

Kinetic parameters for these reactions were taken from Westmorelandl2.
The mechanism for rich decane flames was built upon addition fo the
acetylene mechanism of a few reactions for decane consumption”. The
ability of the mechanism to predict aromatic formation depends
strongly on the accuracy of the modelling of C,; species and their
precursors : CpH, and CoH5. Maximum mole fraction measured for the
major molecular and active species, and for the species involved in
aromatics formation, in the kerosene and decane flames have been
compared in Table I.

Slight differences are observed for some species. They were not
considered as significant but rather due to a lower accuracy of the
measurements in the kerosene flame where very low electron energies
were used to prevent fragmentations of the fuel components. However
the maximum mole fraction for benzene in the kerosene flame exceeds by
one order of magnitude the maximum measured in the decane flame.

This point deserved attention and a specific comparative study on the
formation of benzene and two others aromatic species : phenyl
acetylene and vinyl benzene in decane and kerosene flames was
undertaken. To check the possibility of a change in the mechanism for
aromatics formation described above, acetylene was measured as well,

Aromatics formation in kerosene and decane flames

Detailed analysis of the structure of one flame is time-consuming and
this 'study was limited to signal measurements. On the other hand, they
were repeated for many flames with equivalence ratio in the range 1.0
- 2.5. Change in fuel composition have been done keeping constant both
the overall and the argon flowrates. Gas velocity at the burner exit
was 27.5 cm/s {(at 298K and 6.0 kPa).

Figure 1 shows that the maximum mole fraction of acetylene in decane
flames is slightly greater than in kerosene flames. In both flames, a
linear increase is observed for equivalence ratios above 1.6.

Benzene measurements have been performed with an electron energy
adjusted to 13 eV. For kerosene flames a second determination has been
done with an electron energy of 11 eV to check the occurrence of
fragmentations in the ionization source of .the mass spectrometer. A
similar result (linear variation of the maximum signal with the
equivalence ratio) is obtained in both cases, so that we can conclude
that measurements of the benzene signal are free from fragmentation
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effects (Figure 2). Extrapolation of the signal gives a null value for
an equivalence ratio equal to 0.8.

Measurements in the decane flame confirm that benzene is formed in
lower concentration than in kerosene flames. The ratio is about 10 for
an equivalence ratio of 2.0. A second difference with kerosene flames
is observed for the wvariation of the maximum signal with the
equivalence ratio, the exponent in a law [CgHgl = f(J) being greater
than 1.

The curves plotted in figure 2 show that benzene formation results
from two different mechanism in decane and kerosene flames. In the
former, benzene is formed by reactions (1) and (2) so that the signal
is proportional to acetylene and either CyHj3 or C4Hg. Since in turn,
C4 species are formed from acetylene, benzene dependence with [C2H2]2
must be observed. The dashed line in figure 2 corresponds to the
variation with & of the expression k[CoH ]2 with the constant k
adjusted so that the value calculated for Qf = 2.4 coincide with the
signal measured for benzene. These two curves remains very close over
the whole range of equivalence ratios. ([C,H;] represents the maximum
signal measured for acetylene).

In kerosene flames, the linear variation of the benzene signal with
(D - Qc) shows that the aromatics components of the fuel contribute
directly to benzene formation. The procedure adopted to change the
equivalence ratio of the flames (constant values of overall an argon
flowé?tes) leads to the following relationship between decane flowrate
and

2@ - B.)
Fqy = (F, -
a = Fo = Far) 575 —5 ) + 31
(F4, For Fp, represents respectively decane, overall and argon
flowrates) .

Since 2(@ - ©D.) is small compare to 31, this expression predicts a
linear variation for Fy with (& - @)

Phenyl acetylene and vinyl benzene signals correspond as well to
different sources for aromatics. In decane flames, these two species
are not observed for equivalence ratios lower than 1.5, while a marked
increase in the signal is observed for richer flames (Figure 3). Since
these species are formed by addition of acetylene to benzene or phenyl
radical we have plotted the variation of the expression k[CGH ][C2H )
versus Q. Here again, the value of the constant k was arbitrari y
adjusted in order to match either the phenyl acetylene or the wvinyl

benzene signal at @ = 2.4. The same comparison in kerosene flames
leads to values derived from [CgHgl and [CZHZ] lower than the
experimental signal when @ is close to 1.0 (Figure 4). Expressions

based on the product of the reactants signals give only an upper limit
for the formation of a given species since consumption is not taken
into account. Therefore, from the relative positions of the
experimental points and the dashed curve, we can conclude that phenyl
acetylene and vinyl benzene measured in .stoichiometric or slightly
rich kerosene flames result from the aromatit components of the fuel.

Benzene formation in kerosene flames
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This comparative study clearly shows that consumption reactions of at
least one aromatic species must be added to the decane mechanism to
predict the structure of rich kerosene flames. Tri-methylbenzene is
the main aromatic species in the kerosene that was used in this work.
However, to simplify both the mechanism and the search for kinetic
data, the aromatic part of kerosene was considered as toluene and the
following reactions were considered to describe its consumption

CqHg + H —-=> CqH, + Hp 1.24 1034 0.0 35.10 (3)
CqH4 + H ——-=> CqHyg 9.00 103 0.0 0.00 (4)
CoHg + H —---> CgHg + CHy 3.50 1013 0.0 15.50 (5)
CqHg ---> C3Hj + C4Hy 4.00 1016 0.0 424.30 (6)
C4H, + 0, —==> CgHg + Prod. 1.00 1013 0.0 0.00 (7

Kinetic data for these reactions have been taken from Rao and
Skinnerl3, .

Modelling of kerosene flames

These five reactions have been added to the mechanism validated
previously for decane combustion®. Simulation of the kerosene flame
has been performed with a fuel composition of 10% toluene and 90%
decane. Warnatz's computation code was used with the experimental
temperature profile as input data, so that the energy equation was
neglected. Temperature profiles were measured by moving the burner in
the vertical direction. The thermocouple was kept at a fixed position,
close to the quartz cone tip, in order to take into account flame
perturbation by the cone. The measurements have been repeated for
various distance (d) between the thermocouple bead and the cone tip
(Figure S5). In the burned gases only a cooling effect is observed,
while in the main reaction zone, flame attachment shifts the profiles
towards larger distance from the burner surface. No one profile is
representative of the gas sampling conditions in the whole flame

profiles with very small d correspond to the temperature evolution for
sampling close to the burner surface, while profiles with large d give
a better description of the temperature history for a gas sample taken
far from the burner. In this work, the profile measured with d = 3 mm
was chosen as the best compromise between these extreme situations.

The SANDIA thermodynamic data basel4 has been used for species
involved in Hy, C; and C, submechanisms and Burcat's datal’ for decane
and toluene combustion reactions.

Simulated mole fraction profiles are compared to the experimental ones
for the reactants, the main products, and species involved in the
formation of aromatics from the alkane part of the fuel (Fig. 6~9). In
figure 10, prediction of the mole fraction profile is compared to
experimental results for a decane and a kerosene flame. This figure
shows that in the latter, benzene results mainly from the aromatic
part of the fuel. This contribution can be modelled with a good
accuracy by addition to the mechanism of a few reactions for the
consumption of one aromatic.

CONCLUSION

This work was concerned with the formation of aromatics in kerosene
flames. In previous studies we checked the possibility to substitute
decane to kerosene to perform modelling in simpler conditions. Results
showed that structure of decane and kerosene flames are similar except
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for benzene that is formed in larger amount in kerosene flames. A
specific study based on the systematic measurement of acetylene,
benzene, phenyl acetylene and vinyl benzene in decane and kerosene
flames was carried out. Variation of the maximum signal ‘with the
equivalence ratio leads to the conclusion that the aromatic part of
kerosene is the main source of aromatics, while it is the addition of
acetylene to C4 radicals in the decane flame. This difference was
taken into account by addition of a few reactions for the consumption
of toluene to the decane combustion mechanism used so far. This change
leads to predictions in good agreement with the experlmental mole
fraction profiles in decane and kerosene flames.
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) Decane-0,-Ar Kerosene-Op-Ar
flame flame

co 3.4 1071 2.9 1071
H,0 3.0 1071 2.4 1071
; H, 2.3 1071 3.0 10712
‘ cd, 6.0 1072 7.0 1072
! H 8.9 1073 1.2 1073
OH 2.7 1074 3.7 1074
CpHy 5.3 1072 1.7 1072
\ CoHp 6.1 1072 3.9 1072
CyH) 1.4 1073 1.8 1073
CaHy 5.9 1074 1.1 1073
C4Hg 3.3 1072 1.0 1074
CgHg 1.2 1074 2.2 1073

Table 1
Comparison of the maximum mole.fraction in decane and kerosene flames
(equivalence ratio : 2.2, pressure : 6 kPa).
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REACTION RATES OF A FEW BENZYL TYPE RADICALS
WITH O;, NO AND NO,
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Introduction

Benzyl type radicals are imponaht conjugated intermediates in the chemical mechanisms describing the
oxidation of atkylbenzenes in reactive systems. In the atmosphere, they are formed during the first step (by OH
abstraction) of the tropospheric oxidation of alkylbenzene derivatives (toluene, xylenes, trimethylbenzenes) :
final oxidation are formed by subsequent competing reactions of the benzyl type radicals with Oy, NO and
NO3 (1) (2). In high temperature reactive systems, they can also play a role as intermediates in the mechanism

of soot formation (3) (4) (5) (6). At last, with the allyl radical, the benzyl radical is a reference conjugated
radical. With an absolute technique, the discharge flow/Laser Induced Fluorescence technique, we have
measured the room temperature rate constants with O9, NO and NO; of the following benzyl type radicals : m-

fluorobenzyl, p-fluorobenzyl, o-methylbenzyl, m-methylbenzyl. Also, the rate constant with O of the p-
fluorobenzyl radical has been measured in the temperature range 297433 K.

Experimental

A schematics of the experimental set up is presented figure 1. The radicals are formed by chlorine atom
reaction with the parent molecule as a precursor. Chlorine atoms are prepared in the upstream part of the flow
tube by the fast reaction of transfer (7) :

F+Clp—>FCl+Cl k= 16x10"11 cm3 molec! 51

with F atoms first produced by a microwave discharge in Fp/He or CF4/He. This method (chlorine abstraction)
has been preferred to the more direct fluorine abstraction because (i) a significant fraction of fluorine atoms
exhibit an addition on the aromatic ring (8) (9) (ii) chlorine abstraction is a very fast reaction (k = 6 x 10-10
cm3 molec] s-1 (10)). The precursor and the reactant (O, NO or NO,) are then successively added via a

double movable injector. The benzyl type radicals are probed by Laser Induced Fluorescence via their visible
absorption bands ( A ~ 460 nm) which have been characterized in gas phase either as absorption bands (13) or
as fluorescence excitation bands (11) (12). The exciting wavelength (2-v460 nm) is generated by a dye laser
(Rhodamine 590) pumped by a Yag laser (both Quantel) and further blueshifted (generation of the first Anti-
Stokes harmonics) via a Raman cell (14). The fluorescent light is filtered by an interference filter (A= (500 %
20) nm) and averaged by a boxcar (PAR 162/165).

For the room temperature measurements, both the flow tube and the injector are covered with a
halocarbon, wax whereas for variable temperature measurements, all flow surfaces are simply washed with HF.
Most experiments have been performed at a pressure of 1 torr with Helium as diluent gas. O; (Alphagaz N45,

99.995%) is used as received. NO; is purified as follows : to oxidize the other nitrogen oxides usually present
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in NO7 (bluish color at 77 K), liquid NO; is first placed under ultrapure oxygen during ~ 24 hours and then
submitted to extensive degassing at 77 K. Traces of NOg present in NO (Alphagaz N20, 99%) have been
eliminated by flowing NO through a combination of cha.rcoal filter and a filter packed with FeSOy4, TH»O
(15).

Results and discussion

1) Rate constants of a few benzyl type radicals with O, NO and NO;.

A few typical curves observed with the p-fluorobenzyl radical as an example are presented figure 2 :
fig 2a represents a few logarithmic decay plots of radical concentration versus reaction distance ; fig 2b
represents all the pseudo-first-order constants versus the reactant concentration. Our global results are
presented table 1 together with the few other measurements available in the litterature for the benzyl radical
itself ; the rate constant of the benzyl radical with O has already been measured by flash photolysis (16), laser

photolysis/Laser Induced Fluorescence (17) and mass spectrometry (18). Our results for the substituted benzyl
radicals show that the reaction rate with O is not very dependent upon the presence of a substituent ; the same

"conclusion has been observed in liquid phase (19) for a few benzyl radicals substituted in para position by a

methyl group or a fluorine atom. Furthermore, since the reaction rate constants with Oy and NO measured
with the present technique (Pressure ~ 1 torr) are very close to those measured by flash photolysis (~160 torr)
(16), this suggests that these reactions have already reached their high pressure limiting values (koe ) at
pressures in the torr range.

2) Variable temperature measurements

The rate constant with Oy of the p-fluorobenzyl radical, considered as a model for the benzyl radical,
has been measured in the range 297-433 K. Preliminary measurements indicate a strong negative temperature
coefficient, in agreement with the following Arrhenius expression :

k = 4 x 10715 exp (1590/T) cm3 molec-1 571

This expression disagrees with the absence of any variation observed by Laser photolysis/Laser
Induced Fluorescence (17) in the range 295-373 K ; however, it is in agreement with the lack of reactivity of
benzyl with Oy noticed by Troe et al (20) in their shock tube investigations ; furthermore, a few negative
temperature coefficients have also been reported for the following (R° + Oy --—-> products) reaction rates :
R® = neopentyl (21), R® = ethyl (at constant [M]) (22), R® = i - C4H3 (23).
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Radical Reactant Ref
(o)) NO NOy

benzyl 0.9 9.5 (16)

1.5 an

> 0.5 (18)
p-fluorobenzyl 0.82 10 49 this work
m-fluorobenzyl 0.6 9 48 this work
o-methylbenzyl 1.2 9.4 50 this work
o-methylbenzyl 1.2 8.6 (e
m-methylbenzyl 1.1 13 60 this work

Table 1 : rate constants of benzyl and substituted benzyl radicals (in 10712 cm3 molec-l s'l)
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KINETICS OF REACTIONS OF PROTOTYPICAL AROMATIC HYDROCARBONS
WITH O (3P) ATOMS AND CHa (% 3B,) RADICALS: A COMPARATIVE STUDY

.F. Temps and H. Gg. Wagner
Max-Planck-Institut fir Strdmungsforschung, Bunsenstrasse 10,
3400 G6ttingen, Germany

Keywords: Aromatics, kinetics, methylene radicals, oxygen atoms.

INTRODUCTION

Mono~ and polycyclic aromatic hydrocarbons constitute important intermediates and
by-products of technical combustion processes (see, e.g., [1]). Their build-up
and subsequent fate is well appreciated to be critically determined by reactions
with small, highly reactive O- or C-containing radicals. However, despite their
importance, the detailed mechanisms and kinetics of the distinctive elementary
reactions which can take place still present many questions. In the present pa-
per we consider reactions of selected aromatic hydrocarbons with two particularly
interesting free radicals, namely O (3P) (= 30) and CH, (X 3By) (= 3CHp). While
0 is an important oxidizing species, CH, as the most abundant highly reactive C-
-entered small radical in flames can contribute to the build-up of larger mole-
cules by adding reactive side groups to a substrate. Recent experimental results
for the kinetics of both species with prototypical unsubstituted mono~ and poly-
cyclic aromatics as well as simple alkyl substituted derivatives are summarized.
Reactants include benzene, naphtalene, phenanthrene, toluene, ethylbenzene, and
cumene. The investigations were motivated by the desire to find some simple cor-
relations which would help to estimate rate parameters for 30 or 3CH, with other
reactants for which experiments cannot be performed easily. Thus, the focus is
on a critical comparison of the chemical reactivities of the two radicals, which
since they are isoelectronic are expected to exhibit parallel reactivities. Ana-
logies have been observed concerning addition reactions to the aromatics. On the
other hand, H atom abstraction from alkyl side chains could only be observed for
3CHy but seems to play little role for 30. A difference with dramatic importance
to combustion processes arises as a consequence of the low singlet-triplet split-
ting between CHy (X) and CHy (3 Ay} (= 'CHp), AR} = 37.7 kJ/mol [2].

EXPERIMENTAL

Experimental studies of reactions of 30 and 3CH, with aromatics A have been per-
formed using the discharge flow technique. Experimental set-ups have been de-
scribed [3a, 4]. Reactions of 30 atoms were studied in the temperature range 300
K ¢ T ¢ 880 K under pseudo-first-order conditions with [0] » [A]. Absolute O
concentrations were determined using the titration reaction N + NO. Concentrati-
on-versus—time profiles of O and A were followed by mass spectrometry. The reac-
tions of 30 with benzene and toluene were also investigated using the shock tube
technique [3e-f]. Reactions of 3CH; were studied in the temperature range 360 K
< T £ 700 K under conditions [A] » [3CH2] with Laser Magnetic Resonance (LMR) de-
tection of 3CH,. The reaction O + CHyCO —+ CHy + CO; served as the radical sour-
ce. Reaction product were determined by GC or GC-XS analysis after photolyzing
CH2CO at either A,=366 or A;=312 nm in a static cell in the presence of reactants
A [Sa]. CH2CO photodissociation at these wavelengths yields practically only
3CHy or ICH,, respectively [6].
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RESULTS AND DISCUSSION

The rate coefficients for the reactions of 30 with reactants R can be determined
directly from the pseudo-first-order decay plots of [A] and the known O concen-
trations. Performing experiments under the condition [0]) » [A] has the advantage
that heterogeneous processes and consecutive reactions of the various products
can hardly affect the kinetic results. 10 atoms play no role in thermal systems.

Data analysis for the reactions of 3CH, is somewhat more involved. Rate con-
stants obtained from pseudo-first-order decay plots of [3CH;] in the absence and
presence of a large excess of [A] refer to the total depletion of 3CH, via all
possible pathways [?7). In the first place one has the reactive channels (T) of
3CH, with the substrates. However, because of the small singlet-triplet split-
ting, partial thermal equilibration {E/D) with collision partners M between the
two CHs electronic states has to be taken into account as well. ICH2 undergoes
very fast consecutive reactions (S) with the reactants:

3CHy + A -+ products (T)
JCHy + M - ICHy + M (E)
ICHy + M - 3CH2 + M (D)
ICHy + A -+ products. (s}

With the steady state assumption for !CHs, the rate coefficients for deactivation
and reaction of ICH, taken from independent measurements [8] and the rate for
3CHs excitation from the equilibrium constant for 3CH; = ICHg, the experimental,
directly measured effecctive rate constants can be separated to determine the
rate coefficients for the 3CHs reactive channels (T) [5d4, 7).

REACTIONS OF 30 WITH UNSUBSTITUTED AROMATICS: The rate constants for the reac-
tions of 30 with the mono- and polycyclic unsubstituted aromatic hydrocarbons

30 + benzene -+  products (1)
30 + naphtalene — products (2)
30 + phenanthrene -+ products (3)

are shown as a function of temperature in Fig. 1. Data points are from [3a-e].
Results for reaction (1) obtained in other laboratories (for references see [3a])
are in good agreement. Table 1 summarizes the Arrhenius parameters. The reacti-
ons cah be seen to exhibit moderate activation energies. In accordance with the-
oretical expectations [9] benzene is the least reactive molecule. Naphtalene and
phenanthrene behave very similarly. It is pointed out that the data for reacti-
ons (1) -~ (3) are in line with results for related molecules such as halogenben-
zenes and pyridine [3i-j], which are less reactive than benzene, and biphenyl
[3d), vhich reacts somewhat faster. Furthermore, in view of the different elec-
tron configurations the reaction with anthracene is expected to be significantly
faster than the one with phenanthrene. )

The reactions of 30 with these aromatics proceed via addition to the ring systems
yielding a triplet biradical as primary product. However, intersystem crossing
to the singlet state is likely to be fast, and different isomerization and frag-
mentation reactions can also take place. The most exothermic reaction channels
are those leading to phenols, which at high pressures can be collisionally stabi-
lized. Formation of a seven-membered ring containing the O atom or of correspon-
ding "“epoxy" isomers are other possibilities. 1In the low pressure regime H eli-
mipation to yield phenoxy type radicals has been observed, while elimination of
CO has been concluded to be of minor importance [loa]. H atom abstraction by 30
from the aromatic ring is endothermic and has a high activation energy. Its role
under flame conditions can be estimated from an Evans-Polanyi plot.
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REACTIONS OF 30 WITH ALKYL SUBSTITUTED AROMATICS: Compared to the unsubstituted
aromatics discussed above, alkyl substituted derivatives stand out for their two
reactive centers, the aromatic ring and the side chain. The measured activation
energies and preexponential factors for the selected reactions

30 + toluene — products ’ (4)
30 + ethylbenzene — products (5)
30 + cumene — products (6)

are given in Table 1. Experiments have been described in some detail in [3a, f,
h]. Reaction (4) has also been studied in several laboratories (for references
see [3a]), the different results being in good agreement with each other. The
overall rate constants k4(T) - kg(T) and, for comparison, k((T) are plotted in
Figure 2. Considering the overall body of data it is apparent that the kinetics
of the reactions of 30 with benzene derivatives containing a single alkyl group
are virtually identical under the conditions used. The reactions are somevwhat
faster than with benzene. However, there is little if any dependence on the na-
ture of the alkyl chain (methyl vs. ethyl vs. isopropyl). Data for xylenes [3h]
indicate that a second alkyl substituent leads to some further acceleration of
the reaction.

Concerning the reaction mechanism, the question arises whether the main reaction
channels involve attack by 30 of the aromatic ring or of the alkyl group. Be-
cause of the weak benzylic C-H bonds (e.g., AHsgg[H-CH2CsHgl= 378 kJ/mol [11]) H
atom abstraction from these sites is exothermic. An Evans-Polanyi plot for reac-
tions of 30 with alkanes extrapolates to a very low value for the activation en-
ergy of H abstraction from toluene of = 10 kJ/mol. Accordingly, H abstraction
might be expected to constitute a main channel. 1In contrast, in a shock tube in-
vestigation of reaction (4) the OH channel has been determined to account for on-
1y 10 % at T = 1100 - 1350 K. In a crossed molecular beam study of reaction (4)
the addition-elimination products CHg + phenoxy and H + cresoxy were observed
[10b]. Note also that the similarity of reactivities of toluene, ethylbenzene,
and cumene despite of the significantly distinct benzylic C-H bond energies can
be taken as evidence against H abstraction. However, an unambiguous answer can-
not yet be given. Further experimental work is underway [12].

REACTIONS OF 3CHs WITH UNSUBSTITUTED AROMATICS: The rate parameters for the cor-
responding reactions of 3CH,,

3CHs + benzene — products (7
3CH, + naphtalene —+ products (8)
S3CH2 + phenanthrene —+ products, ] (9)

are listed in Table 1 [5b, e]l. The different data points obtained from the LMR
measurements and, for benzene, from an analysis of stable end products at room
temperature are plotted in Arrhenius form in Fig. 1. Corrections for contribu-
tions from excitation to the singlet state and consecutive !CH; reactions were
applied as described [7]. In comparison to 30, 3CH; can be seen to be signifi-
cantly less reactive. 1In particular, the reaction of 3CHs with benzene (7) exhi-
bits almost twice as high an activation energy, its value being virtually equal
to the CH, singlet-triplet splitting. Reactions (8) and (9) can be seen to be
faster than (8), similar to the observations for 30, but still slower than 30 +
benzene. :

Fig. 3 shows product histograms for 3CHa as well as ICHy + benzene [5al. 3CH,
reacts via addition to the ring system. The product distributions under diffe-
reat conditions, including flame temperatures, can be.rationalized with the help
of unimolecular rate theory and the energy diagram of Fig. 4. At room tempera-
ture and pressures above a few mbars the reaction is in its high pressure limit
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and cycloheptatriene is the main product. H abstraction by 3CH, from the aroma-
tic ring would have an activation energy far above the singlet-triplet separation
and thus cannot play a role in practical systems. The observed small yield of
toluene (see Fig. 3) is an unambiguous manifestation of the partial thermal equi-
libration between 3CH, and ICH, taking place even at room temperature. !CHy re-
acts with benzene either via addition to the aromatic ring, giving cycloheptatri-
ene as primary product, or via insertion into a C-H bond to yield toluene. Reac-
tion products of naphtalene and phenanthrene can be rationalized by analogy.

REACTIONS OF 3CH» WITH ALKYL SUBSTITUTED AROMATICS: The results for reactions of
3CH, with a series of alkylbenzenes,

3CH; + toluene —+ products (10)
3CHy + ethylbenzene —+ products (11)
3CHy + cumene —+ products (12)

are given in Table 1 and illustrated in Fig. 2 [5¢, d}. Reaction {11) has been
discussed in some detail before [5d). However, with the data for the related mo-
lecules the overall picture becomes apparent. The reactions of 3CHy with alkyl-
benzenes have much higher activation energies than what has been measured for 30.
A most striking difference is the observation from Fig. 2 that the rate coeffici-~
ents for (10) - (12) cannot be represented by single Arrhenius expressions. In-
stead, one has to distinguish two regimes. At high temperatures (> 450 K) the
different alkylbenzenes exhibit virtually identical kinetics, regardless of the
nature of the side group. "High temperature" activation energies for all three
molecules are close to the one for benzene, suggesting addition of the 3CHy to
the ring to account for the reaction. Similar behaviour has also been observed
for p-xylene [5c]. Product yields can be predicted using unimolecular rate theo-
ry [5d]. At temperatures below 450 K reaction channels with much lower activa-
tion energies and lower preexponential factors play a role, and the kinetics of
toluene, ethylbenzene, and cumene become distinct. Measured product distributi-
ons (see Fig. 3, [5a}} for reactions (10) and (12) indicate the importance of H
abstraction from the alkyl groups of these molecules under these conditions. The
observed high yields of ethylbenzene from (10) or n-propylbenzene and cumene from
(11) are produced via the subsequent cross recombination of the primary products
CH3 and the respective "benzyl" radicals, e.g.

3cHy + toluene —+ CHg + benzyl
CH3z + benzyl + M —+ ethylbenzene + M.

The combination of addition and abstraction channels produces the apparent curva-
ture in the Arrhenius plots.

DISCUSSION: The genmeral observation has been that 3CH, is a much less reactive
species than 30. However, interesting common trends as well as some differences
can be observed which shall be pointed out in the following.

From a study of K abstraction reactions from saturated hydrocarbons {7} the reac-
tivities of 3ICH; are to vary with reactants in a manner parallel to the better
known trends for 30. Fig. 5 shows the respective correlation. The differences
in the activation energies for both species are of the order of only 5 ki/mol.
However, the bond strength is higher in the product H-CHs than in H-0 (461 kJ/mol
vs. 428 kJ/mol). The preexponential factors for reactions of 3CH» had been found
to be lower by roughly an order of magnitude than for 30, reflecting the steric
requirenents to form the transition states [7].

The reactions of 30 and 3CH; with the aromatic hydrocarbons, as with other unsa-
turated reactants, are dominated by the electrophilic character of the radicals.
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The correlations between activation energies for corresponding reactions are shown
in Fig. 5. Different families of reactants (alkenes vs. alkines vs. unsubstitu-
ted aromatics vs. alkylaromatics) exhibit different trends. For 30 the activati-
on energies are known to correlate with the ionization potentials of the reac-
tants [13, 3d]. Analogous trends can be observed for #CH,. Some theoretical
support for such a correlation stems from recent ab initio quantum chemical com-
putations of the potential energy surface for the reaction of 3CHy with C,H; by
Peyerimhoff and coworkers [14], who found the critical phase of the reaction to
be accompanied by a charge transfer from the CsH4 moiety towards the methylene C.
Loosely speaking, the energetics of the transition state regions might thus be
expected to depend on the ease of charge transfer from the reactant, for which
the ionization potential is a rough measure. Other factors, however, play a role
as well. For instance, the activation energies for reaction of 3CH, with tetra-
methylethylene and cycloheptatriene have been observed to be much higher than ex-
pected from the simple correlations [5el. For the first molecule hindrance by
the methyl groups must be considered, whereas for the latter electronic effects
due to the three conjugated 7r-bonds can play a role.

The preexponential factors for the addition reactions of 30 and 3CH; to aromatics
differ little. It is noted, however, that the 3CH; values depend on the correc-
tion for the pathway via excitation of 3CHy to the singlet state. Thus, they
contain somewhat higher systematic uncertainties than the activation energies.
In view of the spectroscopically known singlet-triplet couplings in CHj, it is an
interesting speculation, whether the chemical differences between ™I!CH," and
"3CH," decrease towards high temperatures (high internal excitation). ICH,y is
known to react with hydrocarbons with close to unit collision efficiency [8]. At
room temperature, the observed distinct products of CHy in the two spin confi-
gurations indicate that both species do react independently. This picture is
substantiated by the ab initio potential surface of Peyerimhoff [14], who showed
the minimum energy pathways for the approach of CHs in both spin states to CaHy
to be entirely different, leaving little room for singlet-triplet conversion du-
ring the reaction. Instead, CH; singlet-triplet intersystem crossing seems to be
governed by long-range processes [8, 15]. Little is known, however, about the
reaction dynamics of 3CH, in vibrationally excited states, which would certainly
be of importance under the conditions of combustion processes. In any case, for
modeling combustion processes the distinct chemistry of ICH,; which has been well
established now [8] but which cannot be discussed here in more detail has to be
taken into account.
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TABLE 1: Arrhenius parameters for reactions of 30 and 3CH, with aromatics.

Reaction A [em3/mol -s] Ea [k3/mol]
30  + benzene 2.4-1013 19.5
30  + naphtalene | 1.4-1013 1.5
30  + phenanthrene 1.9-1013 1.7
30  + toluenead’ 2.2-1013 15.6
30 + ethylbenzene?’ 2.2-10!3 15.9
30  + cumenea) 2.0.1013 15.3
3CHy + benzene 3.0-1013 31.9
3CHy + naphtalene 1.3-10!3 21.9
3CHy + phenanthrene 2.2-1013 28.3
3CHy + tolueneb) 6.0-1013 36.8
3CHy + toluenec) 2.0-1011 19.0
3CHy + ethylbenzeneb!’ 6.0-1013 36.8
3CHy + ethylbenzenec’ 1.6-101} 13.6
3CHy + cumeneb) 6.0-1013 36.8
3CHy + cumenec! 3.0-1011 13.6

a) Pre;umably addition reaction, see text.
b} Add}tion reaction to aromatic ring, see text.
c) Estimated values, H atom abstraction from alkyl group, see text.
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BENZENE/TOLUENE OXIDATION MODELS: STUDIES BASED ON FLOW-REACTOR AND
LAMINAR FLAME SPEED DATA

K. Brezinsky, F.N. Egolfopoulos, J.L. Emdee, C.K. Law and I. Glassman
Department of Mechanical and Aerospace Engineering
Princeton University
Princeton, N.J. 08544

Introduction

Aromatic hydrocarbons are expected to remain significant components of
gasolines and jet fuels because they offer many advantages such as a high
energy density (Goodger and Vere, 1985) and a high knock rating (ASTM Special
Technical Publication No. 225, 1958). In working towards a comprehensive
understanding of aromatic combustion, the high temperature oxidation mechanism
of toluene has been studied extensively at Princeton (Euchner, 1980, Venkat et
al., 1983, Brezinsky et al., 1984, Brezinsky, 1986, Litzinger, 1986, Brezinsky
et al., 1990). The mechanistic details that evolved in those studies have
indicated that at temperatures near 1000 K and 1 atmosphere pressure the early
time oxidation characteristics are dominated by side chain chemistry followed
by aromatics ring attack. The reactions of the small molecule fragments of the
aromatic ring, for the most part, occur later in the reaction sequence;
therefore a modest sized model, based largely on the mechanisms given by
Brezinsky (1986) for the oxidation of toluene near 1200 K. This model captures
the early time chemistry and the essential details of the later time small
molecule reactions for both toluene and benzene at flow reactor conditions.
The success of this model in predicting flow reactor species profiles, as will
be briefly described in the succeeding paragraphs, led to the application of
the model to the calculation of laminar flame speeds. The results of these
calculations will be described.

Experimental Data for Model Verification

The toluene oxidation data of Brezinsky et al. (1984) and the benzene
oxidation data of Lovell et al. (1989) were used to verify the toluene model
and its benzene sub-mechanism. These data were from Princeton flow reactor
experiments and include lean and rich equivalence ratios (¢) with initial
temperatures from 1100 K to 1190 K. The experimental details are described in
the individual papers.

Slight adjustments were made to the data presented in the above two
references to reflect recent calibration of the flow reactor rotameters and
velocity profile. The effect of these recent changes is to give reaction
times which are approximately 15-20% shorter than given in the original
papers. It should be noted that the velocity profile in the reactor tube is
still under investigation. Further details regarding the reduction of the
experimental data can be found in Emdee (1991).

Description and Analysis of the Model

The model consists of 68 reactions forming a benzene sub-model and 62
additional reactions for the toluene model. A complete description of the
model and associated thermodynamic properties of the chemical species is
available (Emdee et al., 1991; Emdee, 1991). Since benzene is a key i
intermediate in the oxidation of toluene, the benzene sub-model results will
be considered before the toluene model is discussed.

Comparison of the Benzene Oxidation Model and Experimental Data
The flow reactor experiments approximate an adiabatic, constant
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Pressure, reaction system in which hydrodynamic and diffusional transport
effects are small compared to changes brought about by chemical reaction.
Thus, to make a comparison between the experimental data and the kinetic
model, the reaction system was numerically treated as a time-dependent,
adiabatic, constant pressure, homogenous mixture using CHEMKIN (Kee et al.,
1980). Since mixing of the fuel and oxygen in the diffuser section of the
flow reactor shortens the time for initlal consumption of the fuel, the
experimentally derived reaction time is only relative. Thus the comparison
between experiment and model was made after shifting the experimental data in
time so that the experimental fuel concentration at 50% of the measured
consumption matched the model prediction. The time shift was constant for each
experimental condition.

The experimental data and model results for benzene are compared in Fig.
1. Intermediate species profiles are shown for the ¢ =~ 0.91 case only;
further results for other conditions can be found in Emdee (1991).

The model prediction of the fuel decay was in good agreement with the
experimental data for all three conditions considered. A fair match was
achieved between the total C, and C, species. Lovell et al., did not make a
distinction between the C,’'s and the C,’s. However, they did indicate that the
C,'s were vinyl acetylene (C,H,) and butadiene (C,Hg) in about a 3:1 ratio,
and the G,’s were "predominately acetylene and some ethylene". Because the
present model can distinguish between species, the individual components of
the C,’'s and C,’'s are also plotted in Fig. 1. The vinyl acetylene to butadiene
ratio appears similar to the ratio indicated by Lovell et al., and the
acetylene mole fraction is much larger than the ethylene mole fraction.

The mole fractions of phenoxy and cyclopentadienyl are included in the
comparisons of phenol and cyclopentadiene because these species are resonantly
stable and might be expected to build up to relatively high concentrations. If
these radical species found a source of H in the sampling probe, they would
have been detected as the stable parent species. Figure 1 shows that the
inclusion of these radicals in the total phenol and cyclopentadiene profiles
has a small effect on the former and a large effect on the latter.

Although good agreement between the predicted and experimental phenol
profiles was achieved for the lean and near stoichiometric conditions, the
model tended to underpredict the phenol mole fractions for rich conditions.
The cyclopentadiene profiles were predicted with fair agreement by the total
of the CiHy and C H; concentrations for the lean and near stoichiometric
conditions but was overpredicted by the rich condition. The overprediction of
the cyclopentadiene coupled with the underprediction of the phenol for the
rich case suggests that phenol is being consumed too quickly for this case.
Carbon monoxide was underpredicted for all equivalence ratios considered which
in part reflects the lack of a full sub-mechanism for small molecule
chemistry.

‘Comparison of the Toluene Oxidation Model and the Experimental Data

The results of the calculations are shown in Figs. 2. The toluene model
did very well at predicting the fuel consumption rate as well as the
concentrations of many of the aromatic intermediates including benzene,
benzaldehyde, ethylbenzene, benzyl alcohol and styrene for both lean and rich
conditions. The concentrations of both phenol and cresol were however always
underpredicted. .

The figures show that the amounts of acetylene suggested by the model
are at least a factor of two larger than the experimentally measured values.
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All of the acetylene comes from the C, species which, although not shown, were
underpredicted by the toluene model. Thus even though the C,’'s and C,'s were
predicted with fair agreement for the oxidation of benzene near 1100 K, the
higher temperature (=1190 K) oxidation model of toluene suggests that the
decomposition rate of the C,’s to the C,'s may not have the correct
temperature dependence.

In contrast to the benzene oxidation model in which CO was
underpredicted, the CO concentrations predicted by the toluene model matched
well with the experimental data. The better CO prediction by the toluene model
can be partially attributed to the greater understanding of side chain
chemistry which dominates the early oxidation of toluene as compared to the
limited understanding of ring chemistry which was important in the oxidation
of benzene.

Summary of Flow Reactor Modeling

By constructing a kinetic model for the oxidation of toluene based on
mechanistic and kinetic information from the literature and from
thermochemical estimates, it was possible to reasonably model flow reactor
oxidation experiments of benzene and toluene. The consumption rate of toluene
and benzene for both lean and rich oxidation conditions is predicted quite
well by the model as are many of the intermediates. The predictive capability
of the model is a significant improvement over previously reported results
(Bittker, 1987,1988,1991; Fujii and Asaba, 1973; Mclain et al., 1979).

The inhibitory effect of two major toluene consumption reactions

CgHgCHy + OH + C,HgCH, + H,0 (1)

C4HgCH, + H » C,H CH, + R, (2)
was clearly indicated by a linear sensitivity analysis. Furthermore, the high
sensitivity of the model results to the abstraction reaction:

CeHgCH, + 0, + C4HZCH, + HO, 3
has allowed for an estimate of this reaction rate constant with reasonable
confidence.

The major shortcomings of the model were found to be the over prediction
of acetylene and the under-prediction of phenol compounds. The acetylene
profiles were not predicted correctly for the higher temperature toluene
oxidation even though the lower temperature benzene sub-model predicted
reasonable levels. With regard to the phenol formation, the temperature
dependence of the decomposition rate of phenoxy was expected to be the source
of error since phenol was predicted reasonably well in the lower temperature
benzene sub-model.

Flame Modelling

The modelling of measured laminar flame speeds, S,, over a range of
temperatures and pressures has been demonstrated to be an effective technique
for developing and refining comprehensive chemical kinetic models
(Egolfopoulos et al., 1991). For such modelling purposes, limited data from
the measurement of laminar flame speeds of toluene and/or benzene are
available In the literature (Garner et al., 1951, Gerstein et al., 1951,
Wagner and Dugger, 1955, and Gibbs and Calcote, 1959). The encyclopedic work
of Gibbs and Calcote (1959) contains flame speeds for benzene at atmospheric
pressure over an equivalence ratio of 0.8 -1.3. These values were obtained
using a bunsen burner conical flame and shadowgraphs for definition of the
flame surface. Fristrom and Westenberg (1965) have pointed out the
complications in defining the flame surface by shadowgraphy and these
complications would affect the magnitude of the flame velocitles reported by
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Gibbs and Calcote. Similarly, Law (1988) has emphasized the role that flame
stretch can play in the determination of flame speeds and pointed out the
substantial variation in measured values that can result if the flame speeds
are not evaluated in the limit of zero stretch (Egolfopoulos et al. 1989). All
the aromatics flame speeds reported in the literature are affected by stretch.
In the absence of stretch free flame speeds for aromatics, the flame speed ’
values for benzene measured by Gibbs and Calcote were used for comparison with
model predictions since their measurement technique tended to minimize stretch
effects:

¢ = .8 .9 . 1.0 1.1 1.2 1.3

Sy = 39.4 45.6 47.6 44.8 40.2 35.6 (cm/sec)

The data on the flame speeds of toluene are much more limited than for
benzene. The value commonly found in textbooks for a stoichiometric, one
atmosphere flame, 38.8 cm/sec, is attributable to Wagner and Dugger (1955).
For comparison with the Gibbs and Calcote measured value, the stoichiometric,
one atmosphere benzene flame speed measured by Wagner and Dugger was 44.6
cm/sec.

In order to model the reported flame speeds, the toluene model derived
from flow reactor experiments was coupled to the PREMIX code (Kee et al.,
1985). The calculated flame speeds for stoichiometric toluene/air and
benzene/alr mixtures were approximately 23 cm/sec - a value far beyond the
range of error of the measured values. The low calculated flame speeds implied
that the aromatics combustion process was not proceeding fast enough to the
energy releasing, small molecule oxidation steps. The toluene model containmed
only a very basic sub-mechanism for the oxidation of species containing two or
less carbon atoms in order to keep the number of reactions and species small.
Therefore, the first attempt at altering the mechanism to obtain a higher
flame speed consisted of replacing the abbreviated €, oxidation scheme with a
more complete, validated one (Egolfopoulos et al., 1991). The substitution of
this C, scheme led to a marginal increase of only 4 cm/sec.

A sensitivity analysis of the flame speed to each rate constant in the
toluene model indicated that there was little sensitivity (less than 2%) to
the alkyl side chain oxidation steps. Greater sensitivity (2% or more) was
found for a subset of nine rate constants directly related to the oxidation
of the aromatic ring and its fragments. The benzene flame calculations
revealed a sensitivity to these same reactions. Of course, the greatest
sensitivity of the flame speed was found to be for the CO + OH - co, + H
reaction (11%) and for H + 0, ~ OH + H (21%). Since these latter two reactions
have been extensively studied no further consideration was given to changing
their rate constants. In view of the pgreater availability of benzene flame
speed data and the sensitivity of both the toluene and benzene flame speeds to
the same rate constants, the toluene mechanism was reduced, for ease of
calculation and analysis, to a benzene mechanism by the removal of all the
toluene related steps.

Among the rate constants having the most effect on the flame speed a
number are uncertain either because they are estimated rather than measured,
measured over a narrow range of temperature, or have been determined in only
one set of experiments. Therefore, sequentially for each uncertain rate’
constant, the value of A in the three parameter representation of the rate
constant, k=ATnexp(Ea/RT), was Increased or decreased as indicated by the
sensitivity analysis in order to "walk" the flame speed up into the 40 cm/sec
range:
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CgHgO + H -+ C,H,OH ; forward A decreased by 2.5 x; reverse increased 10x
CeHg O -+ CgHy + CO; forward A increased 10x

CgHg + 02 =+ C4H O + 0; forward A increased 10x

CgHg + OH - C H,OH + H; forward A increased 10x

The result of the above changes was a calculated flame speed of 41.6
cm/sec. A sensitivity analysis of this calculated flame.speed indicated that
changes in the rate constants of the three reactions of C; species would have
a significant effect (2% or more) on the flame speed. A ten fold increase in
the forward and reverse A values of

CgH,0 = CO + 2C,H,
was sufficient to raise the stoichiometric flame speed to 43.8 cm/sec, a value
lower than that measured by Gibbs and Calcote but within the range seemingly
appropriate for benzene. The calculated flame speeds at other equivalence
ratios were 31.2, 38.2, 48.7, and 50.1 cm/sec at ¢ = 0.8, 0.9, 1.1 and 1.2
respectively. .

Species profiles calculated with the altered model for flow reactor
conditions were significantly changed from those described earlier in this
article. The changes were not surprising since the altered rate constants
were the same ones shown by sensitivity analysis of the benzene decay profile
to be significant during the flow reactor modelling efforts. In particular,
the altered rate constants led to an order of magnitude decrease in initial
benzene concentration within 60 msec, maximization of the phenol concentration
within 30 msec and, CO production and almost complete consumption within 120
msec. These latter observations suggest how the toluene/benzene model might be
made more comprehensive in order to predict both flow reactor and flame
speed results.

The altered model in its ability to approximately match the measured
benzene flame speeds has required a much more rapid production and oxidation
of the energy releasing, small molecule hydrocarbon fragments. However, the
flow reactor profiles indicate that alteration of the rate constants in the
above extent and manner is not fully justified. It appears that a subset of
toluene/benzene reactions is needed that would not drastically affect the
calculated species profiles at flow reactor temperatures but would lead to an
accelerated production of small hydrocarbons at flame temperatures. This
conclusion has two implications; the temperature dependent parameters of the
above mentioned altered rate constants reactions may require re-adjustment in
a way already suggested by some of the inadequacies revealed during flow
reactor modelling and, the addition of high activation energy pyrolysis
reactions, such as aromatic ring rupture steps, not currently in the
toluene/benzene mechanism may be necessary in order to provide H atoms to
drive the overall reaction progress. Both of these approaches to creating a
comprehensive toluene/benzene model are currently being pursued.
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INTRODUCTION

The increasing use of unleaded gasoline in western countries in the last 20 years has forced oil
companies to find substitutes for the alkyl-lead compounds, in order to supply high-octane fuels.
Among aromatic hydrocarbons, which are well known to have a high octane number, benzene is a
preferred compound (up to 5% or more in liquid commercial fuels). Unfortunately, it has a pronounced
propensity to form soot during its combustion (1). Nevertheless, a rather limited number of works on
detailed chemical schemes has been published yet. Early studies considered the low temperature
ignition of aromatic hydrocarbons in static reactors (2-9), where a major step is the addition of
molecular oxygen to a phenylradical, leading to a bridging peroxy radical which, according to Benson
(10), is very unlikely to be formed at temperatures above 700 K. More recently shock tube (11) and
flow reactor (12-15) experiments have pointed out the most important pathways at higher tempera-
tures. It appears that a phenyl radical and O, react to form a phenoxy radical and an O atom. However,
no detailed reaction mechanism for the oxidation of benzene in flames and for its auto-ignition over
a widerange of conditions has been published yet. Based on a review of the rate coefficients proposed
for each elementary reaction, a detailed chemical scheme is presented and discussed here. Numerical
simulations of premixed laminar flames, and calculations of auto-ignition delay times are compared
with experiments, in order to check the validity of the mechanism.

REACTION MECHANISM

The reaction mechanism presented here is based on a high temperature gas phase mechanism,
which has been developed recently (16) for saturated and unsaturated hydrocarbons up to C,.
However, due to lack of space, this work (including several hundreds of literature references) cannot
be presented here. Most of rate coefficients of the reactions involving CH, follow the recommen-
dations of the CEC evaluation group (17). The reverse reaction rates have been calculated using the
equilibrium constants (reactions characterized by "<-->"). Irreversible steps are denoted by "-->".
Reactions directly related to the oxidation of benzene are discussed here, and summarized in table 1.
The complete detailed mechanism contains 57 species and 475 elementary reactions.

1) Consumption of Qsﬂs:

CH, <-->CH, +H:
Due to the size of the benzene molecule, a fall-off behavior appears only for very low pressures; thus,
at | bar, the high pressure rate coefficient may be used (18). This has been confirmed by RRKM
calculations (Rice-Ramsberger-Kassel-Marcus theory).

CH,+H<-->CH,;
Measurements for this recombination reaction have only been carried out at Iow temperatures
(T < 1000 K). The CH, radical may be one of the possible starting points for an opening of the cycle,
but no rate coefficient is available for this step.
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CH,+H<->CH,+H,;
Due to the scatter in the experimental data at high temperatures, it is difficult to evaluate the rate
coefficient. Since this abstraction channel is necessary for a mechanism describing combustion in
flames, the value of Fujii and Asaba has been taken (19).

CH, + OH <--> C.H, + H,0,

CH, +OH -->CH,OH + H:
At high temperatures, the H-abstraction seems to be the dominant channel. The displacement reaction
is probably not an elementary process (proceeding via a C;H,OH species), but cannot been neglected
at high temperatures.

CH,+ O <->CH, +OH,

CH, + 0 <> CH,OH:
Experiments have been carried out up to 1000 K. Moreover, no clear separation between abstraction
and addition was shown. We assumed the same reaction rate for both channels.

CH, + O, <--> products:
No data was found for this reaction, which may play an important role for the ignition.

2) Consumption of CH,:

Most of the reactions concerning the phenyl radical have been studied in relation wuh the thermal
decomposition. Thus, reactions with other radicals are not well known.

CH,+H<->CHg
The reverse of this recombination reaction has been discussed above.

CH,<-->1-CH,:
According to Braun-Unkhoff et al. (20), who monitored H atoms, the opening of the cycle is the only
possible decomposition, the pathways leading to C;H, + C,H,, CH, +H,CH,+ CH,,or CH, + C,H
either have a too high reaction enthalpy, or produce not enough H atoms. The linear I-C H, radical may
then decompose either to C,H, + C,H, or to I-CH, + H, both reactions being pressure dependent.

CH, + O, --> Products:
This major oxidation step is unfortunately not well known. Venkat et al. (13) propose the formation
of a phenoxy radical CH,O + O, but no rate coefficient for this reaction has been measured.
Fujii and Asaba (19) suggest a complex reaction, leading to C,H, + H + 2CO.

C H +CH,<-->C H, +H,

H,+ C}-I3 <->CH,CH,:

These rcactions are not included in the mechanism at the moment, since they lead to biphenyl or
toluene, which oxidation would require a much more complex mechanism.

3) Consumption of C HOH:

Phenol is formed in rather high amounts from benzene, by reaction with O and OH (see above),
and its oxidation has to be included in the mechanism.

- CHOH+H<-->CH,0+H,,

CH,0H + H <--> CH, + OH:

The only experiments avallable (21) show that the H-abstraction as well as the displacement reaction
(the reverse one has becn discussed earlier) both are possible at temperatures between 1000 and
1150 K.

CH,OH + OH <--> CH,0 + H,0,

CH,OH + OH <--> CH,OH + H,O:
This reaction has also been investigated by He and others (21), who do not supply information about

the branching ratios.
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4) Consumption of C H.O:
The only reaction reviewed by the CEC (17) has been proposed by Lin and Lin (22):

CH,O <> CH,+ CO,
where the decomposition of the phenoxy leads to the formation of a cyclopentadienyl radical.

5) Consumption of C.H,:

This species certainly reacts with radicals like O or OH, as suggested by Brezinsky (14), or with
molecular oxygen (Venkat et al. (13)). However, the only pathway involving C,H, for which a rate
coefficient has been proposed (20) is reaction

CH, -->1-CH,,
followed by the decomposition

-CH, --> CH,+ C,H,:

It seems that the lack of radical-radical routes for C,H, is compensated by the semi-global reaction
CH,+ 0, --> CH, + H + 2CO, since the more detailed scheme proposed by Venkat (13) might be
summarized as: CH;+ 0, -->CH,0+0-->CH,+CO+0-->CH; 0+CO-->CH,+H+2CO.

RESULTS AND DISCUSSION

In order to check the mechanism, velocities of freely propagating premixed laminar flames as
well asignition delay times have been calculated, and compared with experiments, under non-sooting
conditions (below the sooting limit: ¢ = 1.9).

1) Laminar flames:

The solid line in Fig. 1 shows the burning velocities of benzene-air mixtures at 298 K and 1 bar,
computed for benzene contents from 1.9% to 3.8% (equivalence ratios ¢ = 0.7 to 1.4). The figure also
shows experimental data (23) available for comparison. The maximum computed burning velocity
(47.6 cm/s) occurs in stoichiometric mixtures, in agreement with experimental results. For rich
mixtures, the computed values lie slightly above the measurements, but in view of the uncertainties
in the experiments and in the kinetic data (see above), this difference cannot be considered being
significant.

Fig. 2 shows the burning velocities of mixtures containing 1.5% to 5.0% benzene and 20.8%

oxygen, diluted with nirogen (equivalence ratios ¢ =0.54 to 1.80), P =1 bar, T, = 298 K, compared
with experiments run under the same conditions (24). The maximum calculated speed (49.2 cm/s ) is
somewhatlarger than the measured one (45.0cmy/s), and slightly shifted to lean mixtures @ =1.1 instead
of ¢ = 1.2). Around stoichiometry, the computed velocities are found to be too fast (up to 9%
discrepancy), but in rich mixtures, they are too slow (40% at most). Since the conditions of this
experiment are very similar to those of the one presented first, this result is probably due to the
reliability of the measuring techniques.
The pathways of the oxidation of CH, in a stoichiometric benzene/air flame and their relative impor-
tance are shown inFig. 3. CGH6 is initially attacked by H, OH, and O radicals to form (i) benzyl radicals,
which react with molecular oxygen as described above, (i) phenol, which, after H-abstraction, leads
to cyclopentadienyl radicals. Thus, it is clear that the mechanism leads to two parallel pathways, one
being the phenyl route, the other the phenol route.

The sensitivity analysis in Fig. 4 shows the rate limiting reactions, for lean, stoichiometric, and
rich mixtures. The sensitivities are obtained by a systematic variation of the preexponential factors of
the rate constants . For the i reaction, the relative sensitivity S, = Alnv, / Alnk, denotes the change of
the buming velocity with respect to a change of the preexponential factor.
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The sensitivity analysis for the reactions of the H,-CO-0, have been discussed earlier (25, 26).
However, it is worth noting that the most sensitive reactions are (i) for all equivalence ratios the chain
branching step

H +0, ->0+0H, ) (R1)
(ii) in lean and stoichiometric flames the heat-producing reaction
CO +OH ->CO,+H. R39)
The reactions which are specific to the combustion of benzene are:
CH; -->1-CH; (R449)
CH, + o, ->CH,+H+2C0 (R453)

" CH;+H ->CH, (R458)
CH,+0 -->CH, + OH (R466)
CHOH+H ->CH,+OH (R472)

The decomposition of the linear I-C H, radical (produced in reaction R449) leads rapidly to the
formation of H atoms; therefore, reaction R449 has a positive sensitivity in rich flames, where the
molecular oxygen concentration is too low to oxidize all of the phenyl radicals through reaction R453.
Reaction R453 directly produces H radicals, and has almost the same sensitivity under lean and as
under rich conditions. The recombination reaction R458 deprives reaction R1 of H atomsand reactions
R449 and R453 of phenyl radicals; its sensitivity is strongly negative. In lean flames, the branching
reaction R466 shows a positive sensitivity. The H-consuming reaction R472 has a negative sensitivity,
because it competes with reaction R1.

These results pointout that adeep insight into the reaction between phenyl and molecular oxygen
is fundamental, because the whole mechanism depends on the route chosen.

2) Ignition delay times:

Zero-dimensional simulations can be used to calculate ignition delay times of benzene-oxygen-
argon mixtures in shock tubes. Fig. 5 showscalculated ignition delay times compared with experimen-
tal results of Burcat et al. (27), for stoichiometric mixtures containing 1.69% benzene, at pressures
behind reflected shock between 2 and 3 bar, and at temperatures in the range 1286 to 1608 K. If a rather
good agreement is observed at the highest temperatures (above 1450 K), an increasing discrepancy
appears when decreasing the temperature.

Sensitivity tests with respect to the OH concentration (Fig. 6) show the rate limiting reactions
during the induction period at the lowest investigated temperature (1286 K). The main rate-limiting
process here is the chain branching reaction, too.

H +0, -->0+O0H (R1)
which competes with the recombination reaction
H +0,+M ->0+0H+M. R15)
The H-atom producing reactions
CH;+0, ->CH,+ H+2C0 (R453)
H, ->CH,+H (R457)
have also a pronounced positive sensitivity, in contrary to the H-consuming reaction
CH,+H ->CH, +H, (R461)

Furthermore, the chain branching reaction R466 has a very high positive sensitivity and competes with
the termination reaction R468, which has of course a very strongly negative sensitivity:

‘CH,+0 -->CH, + OH (R466)

CH,+0 -->CH,0H (R468)
Further information about the relative importance of each channel is necessary to simulate correctly
the ignition of benzene-oxygen mixtures.
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CONCLUSIONS

1- A review of the elementary reactions for the high temperature oxidation of benzene has been carried
out, in order to evaluate the current kinetic and thermodynamic knowledge in this field.

2- The calculation of premixed laminar flame velocities of benzene-air mixtures is in good agreement
with experiments run at atmospheric pressure, over a wide range of equivalence ratios below the
sooting limit. However, it would be helpful to get further data for some reactions (e.g. products,
reaction rates):

CH, + 0, --> products

C,H, + radical * --> products

3- The computed ignition delay times of stoichiometric benzene-oxygen mixtures diluted in argon
were 1.5 to 5 times too short compared with shock tube experiments, depending on the temperature.
According to sensitivity analyses, these results could certainly be improved by a better knowledge of
the following reactions:

CH, + 0, --> products
CH,+0 --> CH, + OH
CH, +0 --> CH,OH

4- Based on these results, our preliminary mechanism will be improved in the near future. Calculated
and measured species profiles in low pressure laminar flames will be compared, in order to obtain
further information about the combustion processes in flames. Furthermore, ignition delay times at
pressure ranging from 2 to 7 bar, in lean to rich mixtures will be computed in order to check the
mechanism for auto-ignition.
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Table 1
Benzene mechanism and rate constants in cm?, mol, s, K, and kJ.

Reaction A B Ea Ref.
414. CH, -->1- CH, 1.000e+14 0.0 188.0 20
415. 1- CH, -->CH, + CH, 1.000e+14 00 71.1 20
449. CH, -->1- C.H, 4.000e+13 0.0 305.0 17
450. 1- CH; -->CH,+CH, 2.000e+62 -14.7 241.0 20
451. 1-CH <->1-CH,+H 2.500e+58 -13.8 208.0 20
453. CH,+ 0, ->CH,+H +2C0O 1.000e+12 0.0 84 19
455. CHO -->CH, + CO 2.500e+11 00 184.0 17
456. CH,OH -->CH,; +CO 2.500e+11 0.0 184.0 17
457. CH, <-->CH;+H 4.410e+29 -39 4899 18
459. CH, <-->CH,+CH, 1.000e+15 0.0 450.0 17
461. CH,+H <->CH; +H, 7.900e+13 00 418 19
463. CH, + OH <->CH,+H0 1.630e+08 14 6.1 17
465. CH,+ OH -->CH,OH +H 1.320e+13 0.0 46.0 17
466. CH + O <-->CH, + OH 3.612¢+01 3.7 4.5 17
468. CH, + O <-->C.H,0H 3.612¢+01 3.7 4.5 17
470. CHOH +H <-->CH,0+H, 1.144e+14 00 519 17
472. CH,OH+H ->CH,+OH 2.230e+13 00 332 17
473. CHOH+OH <-->CHO+HO0 3.000e+12 0.0 0.0 17

475. CHOH+OH <->CHOH+H,0O 3.000e+12 00 0.0 17
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Abstract

There are a number of studies on benzene oxidation and pyrolysis,
yet we do not know of a detailed reaction mechanism based on
fundamental kinetic and thermodynamic principles that explains
published experimental observations. Benzene reacts by H trans-
fer (abstraction) forming phenyl radicals. Prior to unimolecular
decomposition, phenyl can react with 0,, O or HO, to form a
phenoxy radical. Phenoxy, the major channel for benzene loss, has
been shown to decompose to CO plus cyclopentadienyl radical. In
this study, we focus on the oxidation pathways to loss of cyclo-~
pentadienyl species. We specifically consider thermodynamic and
kinetic analyses for reactions of cyclopentadiene and cyclopen-
tadienyl radical with O0,, O, H, OH and HO,. Rate constants as
functions of pressure ana temperature for %he radical addition
and recombination reactions are calculated using bimolecular QRRK
theory. We compare predictions from our mechanism with phenoxy
and benzene reaction data.

INTRODUCTION

Benzene reacts in the presence of oxygen (through phenyl or
cyclohexadienyl radical intermediates) to form phenyl and phenoxy
radicals in addition to stable phenol molecules. Phenyl radicals
in the presence of oxygen will undergo the rapid, exothermic,
chain branching reaction:

CeHg® + 0, —-=> CH0' + O°

The phenoxy and cyclohexadienyl radical intermediates are
resonantly stabilized and are usually present at higher concen-
trations than the more reactive phenyl or other non-stabilized
radicals. The phenoxy radical has been shown to unimolecularly
react t? groduce carbon monoxide and cyclopentadienyl (CyCpdj)
radical™’ while cyclohexadienyl radical produces methyl and
Cycpdj®. Cyclopentadienyl radical is highly resonantly stabi-
lized with references on its heat of formation ranging in value
from 57 to 45 Kcai/@ole corresponding to a resonance stabiliza-
tion energy (RSE)"/> of ca. 18 to 30 Kcal/mole. This large RSE
essentially eliminates reaction of this radical with O, to form
a peroxy radical, which is favorable for normal alkyl radicals.
This occurs due to the very low, ca 11 Kcal/mole, well depth for
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stabilizing the adduct with significant loss of entropy.

Our initial attempts to construct a mechanism comprised of
elementary reactions to model benzene production and loss, for
comparisons to our experimengf on chlorobenzene and dichloroben-
zene pyrolysis reaction in H, '5, chlorobenzene oxidation® or the
benzene oxidation data of Brezinsky’, have produced relatively
large concentrations of cyclopentadienyl radical (Cycpdj).
Calculations, incorporating abstraction reactions for this radi-
cal, indicate it would build up to concentrations equal to or
larger than its cyclopentadiene parent and would clearly act as a
bottle~neck to benzene loss. The reactions in our mechanisms
included microscopic-reversibility and showed that the benzene,
phenyl, cyclohexadienyl - phenoxy system would essentially remain
at steady state.

Phenols and phenoxy species are known to be common interme-
diates in oxidation of aromatic species and they are considered
strong candidates as precursors in formation of dibenzofurans and
dioxins. Knowledge of important reactions of phenoxy decomposi-
tion products - Cycpdj and its parent is therefore critical to
understanding possible formation of dibenzofurans and dioxins,
through reverse reactions, as well as their destruction.

Aromatic species are also important in motor fuels, with
small ri%g aromatics often used to increase octane rating in
gasolines’ since lead has been eliminated as a blending ingredi-
ent. Understanding the fundamental reactions of these aromatic
species will clearly benefit researchers who are working to
understand preignition and engine knock. This understanding may
also have implications for soot formation in diesels.

In formulating a detailed model of benzene destruction
and/or formation in varied oxidation or pyrolysis environments,
we need to consider the decomposition pathways for these reso-
nantly stabilized cyclopentadienyl and phenoxy species. We
currently do not know of any reaction mechanism for benzene
oxidation comprised of elementary reactions, which are based_upon
fundamental thermochemical kinetic principles. Brezinsky7 and
Venkat et. al.® have published general reaction schemes, with no
rate constants or thermodynamic properties. Bittker” published a
mechanism which was based upon previously published reaction
paths and presented rate constants which fit experimental data
for ignition delay times and toluene loss profiles. Bittker,
however, used a sensitivity code to determine the important
reactions and then optimized the fit of the data by adjusting
rate constants. No account for collisional fall-off of activated
complexes formed by addition of atoms or radicals to unsaturated
(olefinic or aromatic) bonds, or by combination of radical spe-
cies was included. Published mechanisms for toluene and other
aromatic pyrolysis sometimes include reactions where the Arrheni-
us A Factor is reasonably close to the high pressure limit value,
but the activation energy is significantly less than the known
bond energy or energy barrier at the appropriate temperature.
This serves to dramatically accelerate the reaction, instead of
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slowing it down, as would occur if it were in the fall off re-
gion, and when Ea is less than /\ H{xn' it also appears to vio-
1o

late with thermodynamics. The excep n, where one would expect
to have a lower Ea is only if one were well awvay from the high-
pressure limit, implying a much lower Arrhenius A factor. The
unrealistic combinatlohn of a high A and low Ea serves to dramat-
ically, but erronously, accelerate the reaction.

In this study we focus on thermodynamic and kinetic analysis
for reaction paths of cyclopentadiene and cyclopentadienyl
radical with 0,, O and H atoms, in addition to OH and HO, radi-
cal. These reaction paths are radical combination or addition to
unsaturated bonds in the cyclopentadienyl ring which form ener-
gized complexes that can react back to reactants or to low energy
products before being collisionally stabilized. We treat all of
these reactions witq the bimolecular Quantum Rice Ramsperger
Kassel Theory (QRRK) We also treat dissociation of the com-
plexes which become stabilized with unimolecular QRRK theory to
account for collisional fall-off at temperatures of the experi-
mental data we are modeling. Required thermodynamlc propertlig
for the radical intermediates were calculated using the THERM
computer code.

Metathesis reactions of cyclopentadiene with H, OH, HO,,
phenyl, phenoxy, and alkyl radicals all serve to abstract tﬁe
weak allylic hydrogen and form the resonantly stabilized radical.
These reactions are relatively fast at combustion temperatures
and serve to form and maintain a relatively high concentration of
Cycpdj, which remains in thermal equilibrium with the rest of the
radical pool. Clearly when the Cycpdj builds up in concentration
the reverse reactions become important. The abstraction reac-
tions, therefore, serve to shuttle the H atoms back and forth
between resonantly stabilized and other species with relative
concentrations controlled more by thermodynamics (equilibrium)
than by kinetics. We propose that radical addition and combina-
tion reactions involving these resonantly stabilized species play
a major role in the oxidation loss processes of benzene.

Addition Reactions of H, OH, and O atoms to Cyclopentadiene

The addition of a radical such as OH or H to the parent
Cycpd forms an energized adduct, which can decompose to lower
energy, non-cyclic products by Beta Scission (B c) reactions,
dissociate back to reactants or be collisionalfy stabilized.
There are two sites that a radical can add to the CyCpd molecule,
the 1 or the 2 position, where the 5 position is carbon with 2
hydrogens. 1If a radical or atom adds to the 1 position, a radi-
cal is formed at the 2 position, which can B the allylic carbon
= carbon bond, opening the 5 member ring and sorming a stabilized
radical. 1If an atom or radical adds to the 2 position a radical
is formed at the 1 position, which B a vinylic carbon-carbon
bond opening the ring and formlng a vinylic radical. The forma-
tion of a vinylic radical is less thermodynamically favored, but
the vinylic radical, if formed, will rapidly decompose, unlmolec-
ularly, by a series of scission reactions to acetylene plus a
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radical.

The example of H atom adding to the double bond of Cycpd at
the 1 position is shown in Figure 1. Here the cyclic radical can
decompose to a lower energy linear C. dienyl radical, which also
has a large amount of resonance sta%ilization and is therefore
not highly reactive. The addition of H atoms to the 2 position in
the ring results in a non-resonantly stabilized cyclic radical,
which can either dissociate back to reactants or undergo ring
opening to form a 1,4-pentadiene-l-radical (vinylic) that will
rapidly dissociate to acetylene and the relatively stable allyl
radical. Thus the more energetic pathway, aalthough slower,
serves, essentially, as an irreversible sink and is important.

The addition of OH to Cyclopentadiene (Fig 2) at the 2
position forms a radical at the 3 position (carbon adjacent to
the CH, group). This radical will either dissociate back to
initial reactants or B a carbon-carbon bond to form a vinylic
alcohol labeled C*CCOHG¥C. (* denotes a double bond). This will
either react back to the cyclic radical, beta scission to an
endothermic channel forming acetylene and a resonantly stabilized
primary alcohol radical of propencl as labeled in channel 3. An
alternate reaction path of the linear Cg vinyl radical, however,
is a hydrogen shift from the alcohol to the vinyl group with the
oxy radical then initiating the scission reaction to either vinyl
+ propene aldehyde or C*C(C*0)C*C + H. These carbonyl products
will eventually react to CO + unsaturated ¢, and CH, hydrocar-
bons. OH adding to the 1 position will allow By, of an allylic
C-C bond to form C.C*CC*COH which is equivalent to C*CC*CC.OH,
and will beta scission to C*CC*CC*O + H. This linear unsaturat-
ed CgHgO will lose the carbonyl H atom (abstraction) and break
down to acetylenes plus CO. Reactions of O atoms with CyCPD are
also very important.

Reactions of Cyclopentadienyl Radical (CyCpdj)
CyCpdj + HO

In the benzene oxidation mechanism we have assembled, the
reaction of CyCpdj + HO, is one of the most important chain
branching reactions. These two radicals build up to relatively
high concentrations at temperatures of the experiments we are
modeling (ca 1000 - 1200 K), and this reaction is, therefore,
important to reducing both radical concentrations. The potential
energy level diagram illustrated in Figure 3 shows that combina-
tion of the two radicals can form a hot cyclopentadienyl hydrop-
eroxide which will rapidly dissociate either back to reactants or
to cyclopentadienyl-oxy (Cpd-oxy) radical + OH, with the products
favored at these temperatures due to slightly lower exit barrier
and the increased entropy. The OH product is also more reactive
than HO,, further accelerating the overall reaction via abstrac-
tion reactions.

The Cpd-oxy radical will undergo rapid unimolecular dissoci-
ation at these temperatures via two low energy pathways shown in
Figure 4. One path forms a cyclopentadienyl ketone + H atom, and
the second opens the ring to a vinylic pentadienyl aldehyde
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radical. This will undergo rapid internal abstraction of the
carbonylic hydrogen to form the resonantly stabilized complex
shown in figqure 4. The carbonyl radical formed will dissociate
to €O plus a butadienyl radical which will further dissociate to
acetylene + vinyl.

We note that the above Cpd-oxy radical (adduct) is also
formed directly from the combination of O atoms with CycCpdj, but
in this case, the adduct formed (initially) has 50 kcal/mole more
energy than is needed to undergo B.. reactions to the products in
Fig. 4. This reaction is only limiged by [0].

Several of the above reaction paths including O atom addi-
tion to either CyCpd or CyCpdj result in formation of cyclopen-
tadien-one. This ketone can further react through addition of
radical species to its unsaturated bonds, as shown in Fig. 5 for
H atom addition. The initial adduct has enough energy to undergo
ring opening forming a stabilized carbonyl radical, which will
further decompose by unimolecular reaction to CO + butadienyl
radical.

We have treated these reaction systems with the bimolecular
QRRK formalism of Deanll to determine the apparent reaction rate
constants to each channel including the stabilized adducts. Input
parameters for the QRRK calculation are listed in below for
reaction illustrated in Fig 5.

k A E, {(Kcal/mole) Reference

k1 3.98E13 2.6 A and Ea from H + C2H4, ref (1l1)

k_y 1.53E14 47.74 Thermodynamics

ky 7.83E14 18.22 Thermodynamics 13
k_o 6.77E12 10.0 A TST,/\S” .= -4, Ea (Ring Strain + 5°7)
kg 1.47E18 38.44 {(/\HRxn + 5°7)

( ® denotes double bond, # denotes triple bond )
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SOOT DEPOSITION FROM ETHYLENE/AIR FLAMES AND THE ROLE OF AROMATIC
INTERMEDIATES. Joanne M. Smedley and Alan Williams. Department of Fuel
and Energy, lLeeds University, Leeds, LS2 9JT, UK.

ABSTRACT

The formation of soot is of interest as a pollutant but also because it forms
deposits in combustion chambers. In this work a McKenna flat flame, water-
cooled, premixed burner was used to study soot deposition from two rich
ethylene/air flames (¢ = 2.52, ¢ = 2.76). Rates of soot deposition for both
cooled copper and uncooled stainless steel surfaces were investigated. Soot
samples from these experiments were analysed for PAH by solvent extraction.
Temperature profiles were taken using Pt/Pt 13% Rh thermocouples. A quartz
microprobe sampling system was used in conjunction with a gas chromatograph to
determine the concentration profiles of aromatic and polyaromatic species in the
deposition region. Experimental results indicate that soot deposition occurs by
a thermophoretic mechanism when cooled surfaces are used and that soot deposition
rates increase as samples are taken further in the flame zone. If uncooled
surfaces are used then direct surface deposition takes place. The chemical
mechanisms involved are discussed.

INTRODUCTION

The formation and deposition of soot in any combustion system is undesirable.
Soot deposits can have adverse effects on heat transfer characteristics or
combustion behaviour which can cause performance or failure problems in a range
of systems from rocket engines to diesels. The emission of soot particles from
combustion chambers into the atmosphere is also of environmental concern due to
the fact that soot particles' can contain significant concentrations of PAH.
There is thus a need to accurately predict under what conditions soot formation
will occur and to quantify the amount of soot deposited in any part of a
combustion system.

Over recent years more progress has been made in understanding the chemical route
of soot formation but work in this area is difficult due to the complex
interaction of aromatic species in sooting flames (1-5). Harris et al (1) have
attempted to model single ring aromatic species but have only succeeded in
model1ing benzene because of the complexity of the subsequent growth steps. They
encountered the problem that most of the rate constant data must be estimated
since absolute values are rot available. Minor species such as C,H, have been
accurately modelled by Miller et al (2) and Harris et al (3) as more reliable
data are available for these species. Even though these models exist, many gaps
remain in the mechanism of the subsequent steps 1ead1ng to soot formation.
Whilst acetylene is recognised as a major growth species thee is uncertainty
about the level of participation of the PAH species. Soot deposition onto a
cooled surface has been recently investigated by Makel and Kennedy (4) using a
laser diagnostic technique to measure soot deposit thickness and free stream soot
concentrations. A numerical model to make predictions of soot deposition rate
was also developed by them.

EXPERIMENTAL METHODS

Two rich ethylene/air flames (¢ = 2.52 and ¢ = 2.76) were studied using a flat
flame, water-cooled, premixed burner (McKenna Industries). The gas flows in
litres/minute for the ¢ = 2.52 flame were 0, = 2.22, N, = 8.36, CH, = 1.79 and
the flows for the ¢ = 2.76 flame were 0, = 2.36, N =89,CH =209 To
investigate soot deposition rates an uncoozled sta1n1ess steel p]ate and a cooled
copper plate were used to support stainless steel and copper sample squares
respectively within the flame. The sample plate dimensions were approximately
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10 mm x 10 mm x 2 mm. Four flame heights were of interest, these were 5, 10, 15
and 20 mm above the burner surface. At each height weighed sample plates were
inserted into the flame for intervals of 15 seconds (from 15 to 75 seconds) and
were reweighed after to give the weight of soot produced.

The PAH content of some of the soot collected was determined using a solvent
extraction process. Deposited soot from the metal plate and free steam soot
which was collected on a Whatman glass microfilter GF/C paper from both flames
was analysed wusing a pyrolysis chromatography. A Perkin Elmer 8320 gas
chromatograph fitted with a Quadrax 007’ series fused silica capillary column was
coupled with a CDS Pyroprobe to desorb hydrocarbons from the soot. Approximately
2.5 mg of soot is heated at a rate of 0.1°C per millisecond up to 600°C. A
quartz microprobe with a 6 mm outside diameter similar to that used by Harris et
al (3) was used to obtain gas samples at various heights above the burner surface
and a syringe method was used to transfer samples into a gas chromatograph
(Perkin Elmer 8700 gas chromatograph fitted with a J & W megabore GS-Q column).

RESULTS AND DISCUSSION

Soot Deposition

Figures 1 and 2 give typical experimental data for the rate of soot deposition
for the uncooled and cooled plates. In these each line represents different
sampling heights above the burner. As expected the deposition rate of soot
increases on an uncooled stainless steel plate as the plate is moved vertically
away from the burner surface. However the deposition rate of soot at 20 mm above
the burner surface is less than the deposition rate at 15 mm above the burner
surface when the water cooled copper plate is used. This was found to occur in
both flames (¢ = 2.52 and ¢ = 2.76). It has been observed that the ultimate soot
load on sample squares is approximately 0.7 mg regardless which plate is used.
For the uncooled plate a 0.7 mg soot load occurs at 20 mm but when using the
water cooled plate a soot loading of 0.7 mg is achieved at 15 mm when both had 75
seconds exposure in the flame. It is thought that above 0.7 mg the soot load is
too great and the soot breaks off and is dispersed back into the flame. This is
why a reduced soot deposition rate is seen for the 20 mm height samples when
using the water-cooled plate. In general, for both plates the soot deposition
rates are greater for the ¢ = 2.76 flame at all heights than for the ¢ = 2.52
flame. The exception for the metal plate is at 20 mm. Similar rates are
experienced for both flames at this height and this again suggests that there is
a limit to the amount of soot that can be deposited under these conditions.

When comparing the results from the uncooled plate and water cooled plate for ¢ =
2.52 flame it can be seen the soot deposition rate at 10 mm above the burner
surface for the uncooled plate is much less than the soot deposition at the same
height for the cooled plate. For example, at 75 seconds a soot load of under 0.1
mg is recorded for the uncooled plate. Whereas on the water cooled plate a soot
load of approximately 0.4 mg is recorded at 75 seconds. The -same is noticed at
15 mm above the burner surface at 75 seconds. The uncooled plate has a soot load
of 0.4 mg while the cooled plate has a soot load of 0.55 mg. This is consistent
with the thermophoretic transport of soot particles. From the results it also
seems that thermophoresis is more prominent at lower regions in the flame. This
may be because the soot particles are smaller earlier in the flame and as they
become larger later thermophoresis has less influence on the movement of the soot
particles. Makel and Kennedy (4) -assumed that thermophoresis was the primary
transport process for soot particles (-10 - 100 nm in diameter) although no
allowance was made for variation in particle size. He also experienced the
process of resuspension when the soot load increases to a certain limit. This
was incorporated into his model to try and determine the final soot loading.
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The soot mass flux to the surface can be expressed (4) as

J“tot = P vd ¢s! (1)
where p_ is the particle density (1900 kg/m3), ¢., is the soot volume fraction at

sd

the edge of the diffusion sublayer and the deposit velocity, V;, is equal to the
thermophoretic drift velocity,- V,, given by

V.= - 0.55 v d (2nT)/dy (2)

where v is the viscosity and which is largely determined by the temperature
gradient.

Experimental depos1t1on rates were found to be 1 x 1072 mg{cmz s at 15 mm above
the burner using the water-cooled plate and 0.75 x 10¢ mg/cm? s using the
uncooled metal plate. This is consistent with Makel and Kennedy’s experimental
data although they used a water-cooled cylinder to collect their samples. The
calculated deposition value for our experiments usin ? their theory is 1.2 x 1072
mg/cm? s for the water-cooled plate and 0.6 x 10" mg/cm? s for the uncooled
plates. The agreement is excellent.

PAH Content of the Soots

Deposited soot samples at 20 mm above the burner were collected from both flames
after 75 seconds exposure within the flame. These soot samples were analysed in
the Pyroprobe apparatus. Some results from this experiment are shown in Figures
3 and 4. Most of the peaks in the chromatograph were identified using a standard
PAH mixture or by using retention indices (5-7). The major peaks are identified
in Fig. 3. The gas chromatograph results for both the flames studied were very
similar. Generally each PAH component was found in greater quantities in the
richer ¢ = 2.76 flame. The ¢ = 2.52 flame contained much more volatile material
which is expelled from the soot very early and is the first peak. The ¢ = 2.52
also contained more amounts of the larger components such as benzopyrenes and
other 5-ring compounds which occur in the latter part of the chromatogram.
Larger ring compounds also exist in both flames.

Free stream soot samples were collected on to Whatman glass microfibre filters
were also analysed using the Pyroprobe system. Results from the ¢ = 2.76 flame
are shown in Figure 4a. The collecting conditions for the free stream soot are
identical to those quoted above for the deposited soot samples. When comparing
the results from the free stream.soot and the results for the soot deposited on
the uncooled plate (Figure 4b) it is noted that the free stream soot always
contains greater amounts of the 2 and 3 ring compounds such as acenaphthylene and
the deposited soot always contains larger amounts of the 4 and 5 ring compounds
like pyrene and also 6 and 7-ring compounds. This may be because the filter
paper collection is at a lower temperature which favours the absorption of the
smaller volatile gas phase material. If this is not the case there are important
implications to the ability of soot to have varying compositions depending on
whether it is in the gas phase or deposited on a surface.

Soot Formation Steps

Figure 5 shows the gas composition profiles obtained us1ng the quartz probe
sampling system. The reaction zone (based on 0, decay) is quite extended.
Figure 6 shows profiles of some aromatic species and their precursors The
results show that as combustion takes place CH, and O, are depleted. 1In Fig. 6
it can be seen that CH, peaks at about 5 mm above ihe burner after which it
levels off to a fairly constant value between 10 and 20 mm. CgHe rises gradua]]y
at about 6 mm and begins to fall at 12 mm. In1t1a11y there was more C.H, in the
¢ = 2.52 flame but at 20 mm there was more in the ¢ = 2.76 flame. Laser beam
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attenuation studies at 670 nm indicated that soot formation began at 6 mm above
the burner. From the results it can be seen that as CH, is consumed C.H. is
produced as well as soot; this is consistent with the faéi that CH, is invoﬁved
in CH; formation and it fis generally considered that CH, is an important
precursor to soot formation. CMH, and CH, fall as soot is formed and other
larger hydrocarbons are produced in the flame. In Fig. 5 both CO and H, increase
gradually as the probe is moved away from the burner surface. It was found that
H, was in greater concentration in the ¢ = 2.52 flame and CO was in a higher
concentration initially. 0, was only found in small amounts in the ¢ = 2.52
flame. These increase as combustion takes place and are products of oxidation
reactions. These trends were seen by Harris (3) et al but they only probed to
about 3 mm above burner so they did not observe the fall in CH, and CH, in the
later part of the flame. Miller (2) et al however undertook experiments up to
22.5 mm and also found similar profiles for CO, 0, and H,.

The mechanism of soot formation from an ethylene flame involves the formation of
acetylene and its polymerisation to single and then multi-ring species. The
subsequent growth of the initial soot particles involves surface growth involving
acetylene and polyaromatic species the relative extent of them being subject to
different interpretation (eq. 5, 8 and 9). In the free stream soot samples taken
here the product involves soot particles, surface adsorbed PAH and gas phase PAH.
However the deposited samples can only contain PAH associated with the soot
particles as adsorbed or growth species. The deposited samples are significantly
different to the free stream soot in that the dominant PAH species are the 4+
ring species and smaller species are present in lower concentrations.

The suggestion must be implicit in these findings that the acetylene grows on the
soot surface generating multi-ring compounds there which ultimately become part
of the soot particle. During pyrolysis gc these compounds are desorbed as shown
in the experimental results.

CONCLUSIONS

1. The deposition rate of soot increases with height above the burner surface
(up to 20 mm) and sampling time (up to 75 seconds). More soot is deposited
as ¢ is increased, but there seems to be a limit in the amount of soot that
can be deposited regardless of the method of deposition because of soot break
off at relatively low loadings.

2. There is evidence that thermophoresis is involved in soot deposition on to a
cooled plate and that it is more dominant earlier in the flame when soot
particles are smaller. The measured rates are consistent with the values
calculated using the model proposed by Makel and Kennedy.

3. Soot samples from the uncooled metal plate contain large aromatic compounds
with 4 and 5 and larger rings. "The ¢ = 2.52 had a higher concentration of
some of these compounds.

4. Free stream soot samples contain a higher concentration of 2 and 3 ring
aromatics than deposited soot. Higher concentrations of 4 and 5 ring
aromatics were found in the deposited soot for the same conditions. This
implies that these compounds are implicated in the scot growth mechanism.
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AROMATICS GROWTH BEYOND THE FIRST RING AND THE NUCLEATION
OF SOOT PARTICLES

Michae! Frenklach and Hai Wang
Fuel Science Program
Department of Materials Science and Engineering
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University Park, PA 16802

Keywords: soot formation, reaction mechanism and chemical kinetics of, particle dynamics of

INTRODUCTION

In this manuscript, we discuss the the reaction mechanism responsible for the formation and growth of
polycyclic aromatic hydrocarbons (PAHs) and subsequent nucleation and growth of soot particles in
combustion of hydrocarbon fuels. The discussion is based on the results of a detailed chemical kinetic
study,! and we refer the reader to this reference for the computational details. Here, we focus on the
principal reaction pathways and mechanistic features identified in the analysis.

OVERALL PROCESS

The overall model of soot formation can be thought of as consisting of four major processes: initial -
| PAH formation, which includes the formation of the first aromatic ring in an aliphatic system; planar
PAH growth, comprised of replicating-type growth; particle nucleation, consisting of coalescence of
PAHs into three-dimensional clusters; and particle growth by coagulation and surface reactions of the
forming clusters and particles. Our primary attention in this discussion is on the last three processes,
although some comments are pertinent concerning the formation of the first aromatic ring.

Formation of the First Aromatic Ring

The formation of the first aromatic ring in flames of nonaromatic fuels begins usually with vinyl
addition to acetylene. At high temperatures, it forms vinylacetylene followed by acetylene addition to
! n-C4H3 radical formed by the H-abstraction from the vinylacetylene (Fig. 1). At low temperatures, the
addition of acetylene to vinyl results in n-C4Hs, which upon addition of acetylene produces benzene.
' Benzene and phenyl are converted to one another by the H-abstraction reaction and its reverse.

high—temperature route

*
) + H + CH,
' CH; — nCH; ——>
. ) f -H,

CHy + CH, — [CH{* H“Hz

N

n-C4H5 + (>2H2 -

low-temperature route

Figure 1. Formation of the first aromatic ring
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In a recent review article on chemical kinetics and combustion modeling, Miller, Kee and
Westbrook? suggested that the above cyclization reactions cannot be responsible for the formation of
the first aromatic ring because the concentrations of n—C4H3 and n—C4Hj radicals should be low since
the reactions

H + n~C4Hy < H + i-C4H3 )
H + n-C4Hy = H + -CHj 2)

deplete the concentrations of the n—isomers required for the cyclizations. Reactions (1) and (2) were
not included in our model. QOur computational results indicated that the n— and /~isomers are already
equilibrated by several other reactions in the system. Nonetheless, to test the Miller et al.'s suggestion,
we performed additional simulations of the three laminar premixed flames we analyzed previously.!:3
The reactions (1) and (2) were now included in the simulations assuming rate coefficients 1x10!4 mol
cm3s-1 for the exothermic directions. The results of these simulations for all the three flames tested in
Refs. 3 indicated that the inclusion of reactions (1) and (2)-— even with upper-limit rate coefficient
values — does not make a difference on the computed profile of benzene.

As an alternative, Miller e¢ al2 suggested that benzene is formed by combination of propargyl
radicals producing benzene or phenyl. A similar proposal was made by Stein et al4 Figures 2 and 3
show the results of flame simulations with reaction

CiHz + C3H3 &5 O 3

included with the rate coefficient of 5x10!2 molcm-35-1 suggested by Stein et al4 Analysis of these
results indicate that the inclusion of cyclization channel (3) does not always increase the production
rate of benzene, as clearly shown in Fig. 2 for the flame conditions of Harris and co-workers.5 For
the conditions of the Westmoreland’s flame,$ the inclusion of reaction (3) significantly overpredicts the
amount of benzene determined experimentally (Fig. 3). This is clearly a challenging issue, as the
reaction chemistry of C3Hx species is not well known.

Mole fraction

10°%

0.1 032 ' 03 - 0.4
Height above burner (cm)

Figure 2. Benzene mole fraction: circles — experimental data,5 solid line — computed with the
mechanism used in Refs. 1 and 3, dotted line — computed with reaction (3) included
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Mole fraction

Height above burner (cm)

Figure 3. Benzene mole fraction: circles — experimental data;6 solid line — computed with the
mechanism used in Refs. 1 and 3; dashed and dotted lines — computed with reaction
(3) included, dotted line represents the result computed with the mechanism tuned to
fit the experimental C3H3 profile

Growth of the Aromatic Rings

Once formed, aromatic rings grow by a sequential two-step process: H-abstraction which activates the
aromatic molecules, and acetylene addition which propagates molecular growth and cyclization of PAHs

(Fig. 4).
H

C/
a
+ Caﬂz +H c®
—
- H, .

l+ Cle

.
= OiO -~
(X X ] -—— -

-H

Figure 4. H-abstraction—C5H>-addition reaction pathway of PAH growth

Starting with an aromatic fuel, a “direct”’condensation of intact aromatic rings becomes important. For
example, in the case of high-temperature pyrolysis of benzene the reactions shown in Fig. 5 were
found to dominate the initial stages of PAH growth.?
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Figure 5. PAH growth initiated by aromatics “condensation”

However, as the reaction progresses, the initial benzene molecules decompose, primarily forming
acetylene. As the concentration of acetylene approaches that of benzene, which occurs shortly after the
initial period, the PAH growth switches to the acetylene-addition mechanism discussed above for
nonaromatic fuels. In other words, the reaction system relaxes to the acetylene-addition pathway. The
relaxation is faster in oxidation8 as compared to pyrolysis and in mixtures of hydrocarbons? as
compared to individual fuels.

Some of the acetylene addition reactions in the PAH growth sequence form particularly stable
aromatic molecules, like pyrene, coronene, etc. The change of the free energy in these reactions is so
large that the reactions become practically irreversible. This, in tum, has an effect of “pulling” the
reaction sequence forward, towards formation of larger PAH molecules. Other acetylene addition steps
are highly reversible, i.e., the rate of the forward reaction is nearly balanced by the rate of the reverse
reaction. These steps with tightly balanced reaction fluxes create a thermodynamic barrier to PAH
growth. It is this thermodynamic “resistance” which is responsible for the appearance of most stable,
condensed aromatic structures, as opposite to open shell carbon clusters leading to fullerenes.10 For
instance, due to small differences in reaction enthalpies, the reaction flux from phenanthrene to
benzo[ghi]perylene shown on the left of Fig. 6 was computed!! to be faster by an order of magnitude
than the one on the right hand side of Fig. 6.

The main kinetic features of PAH growth after a certain PAH size, iy, can be schematically
represented by the following set of reactions!2

Ai+ H & Ajp» + Ha @)
Aje + C2H2 (—_—’ AngHz. (5)
AjCHze + CoHy —> Ain + H, ©

where A denotes an aromatic molecule containing i fused aromatic rings (i = iy, igtl, ..., %), Aje is
an aromatic radical formed by the abstraction of an H atom from Aj, and AjCaHze is a radical formed
by the addition of CoHj to Aje. Tt is assumed that reactions (5) and (6) are reversible and reaction
step (6) is imreversible. The rate of PAH mass accumulation is proportional to

HL
] Mihy]
Rate = 1 1 1 frodt , @

Kskg[CzHaP? ~ kslCoF) ¥ K q[Hy)
1512




where ¢ is the reaction time, r is the rate of irreversible formation of Aj, by initiation reactions, kj is
the rate coefficient of the jth reaction, and Kj= kj/Lj is the equilibrium constant of the j th reaction.

In this equation, term I"od‘ represents the contribution of the initiation reactions, i.e., those leading

to the formation of first few PAHs. Term K“f% accounts for the “equilibrium position” or, in more

rigorous terms, reaction affinity of reaction (1); it represents the superequilibrium of H atoms — the
first kinetic factor responsible for PAH growth. Term kg[C2H2] is the effective rate constant of the
irreversible addition of acetylene, reaction (6), forming particular stable PAH molecules — the second
kinetic factor responsible for PAH growth. Terms ks[C2Hj] and Ks[CpH2] specify kinetic and
thermodynamic factors, respectively, of the reversible addition of acetylene, reaction (S); the latter
expresses the thermodynamic resistance to PAH growth. And finally, term k_g[H3] accounts for the
effective rate constant of the H-abstraction, reaction (4); to illustrate it, consider the limit of k_4[Hz) —
0 under which condition the ratio in Eq. (7) reduces to k4[H]. At high pressures, reaction

A+ H — A ®)

should contribute to the overall balance of the A;je radical, and at a high concentration of hydrogen
atoms, such that kg[H] > k_4[H2], we obtain an interesting limit of the PAH growth rate being

independent of the H concentration,

0 5
| -

o0 e

() \/
(O

Figure 6. Comparison of two pathways of PAH growth.
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An additional kinetic factor, kg[O2], where kg is the rate coefficient of oxidation reaction

Aryle + O —— products, ©)

is introduced in oxidative environments. Although many oxidative reaction channels are possible, it
appeared, as a result of our kinetic analysis of shock-tube oxidation® and flame!3 environments, that
PAH removal by oxidation occurs predominantly via molecular oxygen attack on aromatic radicals.
Also, due to similar reactions of O with CoH3 and C4H3 radicals (and of OH with C;Hp, etc.), the
concentrations of these critical intermediates are decreased, which in tum reduces the formation rate of
the first aromatic ring. At the same time, the presence of O in the mixture has a promoting effect on
aromatics formation because of the accelerated chain branching leading to enhanced fuel pyrolysis and
thus increased production of critical intermediates and hydrogen atoms. The balance of all of these
factors determines the net effect of oxygen addition.

Nucleation and Growth of Soot Particles

We have developed a detailed kinetic model of soot particle formation and growth in the following
manner. The formed PAH species were allowed to coagulate, that is, all the Aj's i=4, §, ..., =)
collide with each other forming dimers; the dimers, in tumn, collide with Aj forming trimers or with
other dimers forming tetramers; and so on. The coalescence reactions were treated as irreversible
having sticking coefficients of unity. As the focus of this work is on very young, small particles, it
was assumed that the coagulation dynamics is in the free-molecular regime.

Beginning with the dimers, the forming clusters were assumed to be “solid phase™ and allowed to
add and lose mass by surface reactions

CoorH + H 5 Gyt + H2 10)
Com® + H — CgorH an
Cooor* + C2H2 — Csoor'H + H (12)
Csoot® + O2 — products 14)
Cooo-H + OH — products , ()

where Cgoo—H represents an arm-chair site on the soot particle surface and Cyyp® the corresponding
radical. This mechanism is adopted based on the postulate!-14 that the H-abstraction/C,H;-addition
reaction sequence above is responsible for high-temperature growth of all forms of carbonaceous
materials. Following this postulate, the rate coefficients of the heterogeneous reactions (10)-(15) were
estimated based on analogous gas-phase reactions of one-ring aromatics, benzene and phenyl. In doing
50, it was assumed that collision efficiencies on a per-site basis are the same for both gas-phase and
gas-solid reactions. The particle dynamics — the evolution of soot particles undergoing simultaneous
nucleation, coagulation and surface reactions described above — was modeled by a method of moments
which does not require the assumption of a particle size distribution function.

The model predictions were found! in relatively close agreement with experiment for such
properties as soot particle number density, specific surface area, average soot particle diameter, and
laser-light scattering moments for the initial, particle inception part of several simulated laminar
premixed flames. The reliability of the model was further supported by the facts that the computed net
surface growth rate is in close agreement with that determined by Harris and Weiner!S and that the
predicted rate of soot oxidation by O, agrees well with the expression of Nagle and Strickland-
Constable.!6
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Some major results of this modeling study! are summarized below:

S M

(if)
(iii)
(iv)

v)

(vi)

(vii)

The computed rate of nucleation is balanced by the rate of coagulation throughout the particle
inception zone, however, the nucleation rate decays more slowly with flame height than is usually
deduced from experiment;

Particle inception is primarily determined by PAH coagulation, initiated and controlled by PAH
coalescence into dimers. For instance, excluding all surface processes results in a substantial
decrease of the particle mass but does not really change the order of magnitude of the particle
size. In other words, the particle size is essentially determined by coagulation;

While the average soot particle is computed to contain 103-105 carbon atoms, the corresponding
average PAH size is only 20 to 50 carbon atoms. This indicates that the crystallites comprising
incipient soot particles should be on the order of 7 to 12 A, in agreement with experiment17 and
against the proposal that soot is formed via spheroidal, polyhedral carbon clusters;

The oxidation by OH and O, is quite insignificant in the post-flame zone;

The surface growth of soot mass is primarily determined by two processes: acetylene addition via
the H-abstraction/C;Hz-addition reaction sequence, and PAH condensation on the particle surface.
The relative contribution of each of these processes appears to change with experimental
conditions. Thus, while the acetylene addition dominates surface growth in an atmospheric
ethylene flame of Harris et al.,5> PAH condensation prevails in a low-pressure acetylene flame of
Bockhorn and co-workers.!8 The main contribution of the PAH condensation occurs at the early
stages of PAH coagulation;

The model predicts the classical structure of soot particles: a less dense particle core, composed of
randomly oriented PAH oligomers, and a more dense concentrically-arranged particle shell;

Surface processes can be understood in terms of elementary chemical reactions of surface active
sites. The number density of these sites is determined by the chemical environment.
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Abstract

It has been noted for some years that the concentrations of many species in laminar
hydrocarbon diffusion flames correlate with mixture fraction, or alternatively, local equivalence ratio.
Therefore, once the spatial profile for the mixture fraction is established, it is possible to approximate
both the concentration and net chemical rate profiles for a great many flame species. However, some
species exhibit concentration gradients along contours of constant mixture fraction in a flame. The
results of our past work show that most of the species along the chemical pathway leading to soot
particle formation in diffusion flames, including all of the Polynuclear Aromatic Hydrocarbons, exhibit
this type of behaviour. For these species, it is necessary to consider not only the chemistry of the
growth environment, which may be adequately described by the mixture fraction, but also the
residence time within the growth region. This paper will describe how such a model could be
expressed, and present some initial comparisons with laboratory flame data.

Introduction

The earliest mathematical treatment of diffusion flame structure was that of Burke and
Schumann [1]. Although incremental improvements to the Burke-Schumann model have been made
over the years, it was not until recently that a new and more realistic approach to thinking about
diffusion flame structure could be formulated. This can be traced to two improvements: the evolution
of powerful computers and the development of the conserved scalar description of flame structure.
The former has provided the capacity for the calculation of the two-dimensional structure, including
up to C, chemistry, for laminar diffusion flames. The latter provides a framework for the
development of simplification schemes for flame structure calculations.

In general, to compute the structure of a laminar diffusion flame requires the simultaneous

solution of the energy, momentum, and species conservation equations. The latter can be written in
the Shvab-Zeldovich form as [2):
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where Y, is the mass fraction of species i, w; is its chemical production rate of species i, p is the gas
density and u, is the component of velocity in the x, coordinate.

Chemical elements (such as C, H, and O) are conserved during chemical reaction (L(Z)) =
0) and linear combinations of elemental abundances, such as the mixture fraction, §, will also be
conserved [3].

It has been noted that the concentrations of many flame species are only a function of
mixture fraction, Y;=f(£) [2]. For these species, since

puk-[a_‘f] - i[i[:’ﬂ} -0 @

™ ay

it follows that the chemical rate is given by

v~ {2 &Y, ®

with the instantaneous scalar dissipation rate, ¥, defined as:

2
X - ZD[:x_g] O]
k

What if a species concentration is not a function of only mixture fraction? In particular, what
if the chemistry is slow enough that transport might occur before a reaction proceeds? This is the
case for the species along the chemical pathway leading to soot particle formation in diffusion flames,
including all of the Polynuclear Aromatic Hydrocarbons, which exhibit concentration gradients along
lines of constant mixture fraction [4]. For these species, it is necessary to consider not only the
chemistry of the growth environment, which might be adequately described by the mixture fraction,
but also the residence time within the growth region.

If this residence time dependence is included, a more complicated version of Eq. 3 can be
derived which has two simple limits. The first would be if the time dependence was zero. In that
case the equation would reduce to the result of Eq. 3. The other limit would hold if the(diffusion
coefficient for the species under consideration were zero, or at least small enough that terms which
include it were small with respect to the residence time dependent terms. This would be almost
exactly true for soot particles. Even small aromatics have diffusive velocities which are small with
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respect to their convective velocities [4]. In this latter limit, the change in a species concentration
would be simply given by integration over the residence time. We adopt this simple view in
formulating the model presented in the next section. ’

A Model for PAH Chemistry in Laminar Diffusion Flames

We describe below a model which describes the physical and chemical processes that affect
PAH and soot concentrations along a stream line in a laminar methane/air diffusion flame. The
development is similar in spirit to that presented in a recent paper by Kennedy et al. {S]. In both
models, soot processes are divided into three broad categories: inception, chemical growth, physical
growth (agglomeration), and oxidation. Both assume that the rate of the soot processes depends on
local temperature and the concentrations of major species, and these are fully determined by mixture
fraction. In our model, we attempt to rationalize the choice of rates based on a knowledge of the
fundamental chemical processes which are occurring in the flame combined with detailed measure-
ments of species concentrations.

Growth

The growth chemistry in our model is based on the work of Frenklach et al. who proposed
a model for ring growth based on the successive addition of acetylene to a growing aromatic radical
core [6). This model, in various forms, has been applied to studies of PAH and soot formation in
shock tubes and premixed flames [6-10]. Frenklach developed a simplified version of his model to
identify key parameters controlling PAH growth in combustion environments [10). We used this
simplification to demonstrate the important role of agglomeration in PAH growth [11).

In Frenklach’s simplified mechanism parent PAH, A,;, are converted into a phenyl-like radical,
A;-, by hydrogen abstraction. The resulting radical reacts with acetylene to form a radical addition
product A;C,H,-. A subsequent acetylene addition irreversibly forms the next largest parent PAH.
This reaction sequence is illustrated as:

A+H2A-+H (R1)
A + GH, @ AGH,- (R2)
AGH- + GH, — Ay, (R3)

In this reaction scheme, steady-state estimates for the concentrations of A;- and A;C,H,- can
be derived. The rate of formation of the A, ; PAH can therefore be written as

di4;,)) ) 5
7 kg 4], ®

where kg is dependent upon the concentrations of C,H,, Hy, and H-.

In our prior work, we found that agglomeration only becomes important when the reduced
mass of the colliding pair is suitably large: greater than 400 amu. Following the lead of this earlier
work, we here assume that an agglomeration reaction can be written as

; + A~ Ai+j (R4)
where the rate constant of this process will be 0'for collisions of lighter PAH and close to the gas
kinetic limit for collisions among the heavier PAH.

Inception

As seen above the aromatic growth is treated as an irreversible sequence of acetylenic
addition steps to a growing aromatic core whose source is benzene, A;. There are a number of
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models for the chemistry of the formation process of benzene which involve either reactions of C,
with C, species [6] or the reaction of two C, species [15]. It is conceivable that a simplified
expression for this process using steady state arguments (analogous to Frenklach’s approach for ring
growth) might be derived. If successful, such an approach would be expected to result in an
expression for the A; inception rate which depends only on mixture fraction. However, given the
current active debate on the mechanisms for the formation of benzene in flames, such a simplification
may be premature.

Fortunately, there may be another approach to deriving an inception rate. Over the past few
years we have collected an extensive data base for species concentrations and temperature in a
laminar methane/air diffusion flame. This data has included measurements of the concentration of
stable species such as acetylene and molecular hydrogen [12] and has been recently extended to
include profile measurements of radicals species [13,14]. With this data base, we have demonstrated
how the overall rates for a species chemistry may be calculated [13). For the initial work presented
here, we will assume that the benzene formation rate dependence on mixture fraction is given by our
previous results for the Wolfhard-Parker diffusion flame [13].

Oxidation

In his dissertation work, McKinnon developed a comprehensive soot model which explicitly
included a soot oxidation step [9]. Based on the work of Brezinsky [17], McKinnon assumed that
successive reaction of carbons on the PAH or soot with hydroxy! radical results in a decrease of one
ring number for the PAH and the formation of carbon monoxide. McKinnon found that inclusion
of the Nagle and Strickland-Constable expression for soot oxidation by molecular oxygen
overpredicted the soot oxidation rate, and he omitted this pathway from his final model. In the initial
steps of the current research, we will also only include oxidation of PAH and soot by hydroxyl radical.

If it is assumed that (1) the concentrations of C,H,, H,, H+ and OH- are only functions
of mixture fraction (i.e. their concentrations will not be affected by the aromatic growth chemistry)
and (2) aromatic species will not diffuse then the progress of aromatic growth may be followed by
integrating aromatic concentrations along a stream line using mixture fraction correlation data from
our data base. The derivation of this flame field is discussed in the next section.

Flame Field Calculations

We have modelled the structure of a methane/air diffusion flame which has been studied by
Santoro et al. [18]. Velocity, density, and mixture fraction fields throughout the flame are obtained
using a computer code which has been described previously [19-21]. In this model, it is assumed that
(a) major species concentrations are only a function of mixture fraction (and their concentrations
can be found upon solution of the transport equation for mixture fraction, Eq. 2), (b) the rates of
chemical reactions that determine major species concentrations are large with respect to transport
rates, and (c) all species diffusivities are the same.

The transport equations for mixture fraction and momentum are solved for axisymmetric flow
using a streamline coordinate transformation. The flow is parabolic and the boundary layer
assumptions are made that the transverse pressure gradient and longitudinal diffusion fluxes are
negligible. Buoyancy forces are included in the momentum equation. Diffusivity and viscosity were
calculated from the local temperature using the Sandia transport property data [22]. The temperature
vs. mixture fraction correlation was obtained from our analysis of a methane/air diffusion flame
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supported on a Wolfhard-Parker burner [12]. The predicted mixture fraction ficld and streamlines
are shown in Figure 1.
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Figure 1 Streamlines and contours of mixture fraction in /air diffusion flame. The
stoichiometric contour (¢ = 0.055), and two fuel-rich contours (£ = 0.1 and 0.2)

Results and Discussion

The concentrations of polynuclear aromatic hydrocarbons have been calculated along a series
of streamlines in the flame shown in Figure 1. The model was first run using the expression for the
effective rate constant for chemical growth derived form local temperature, and the concentrations
of C,H,, H,, and H- correlated against mixture fraction from the Wolfhard-Parker flame data. It
should be noted that a H-atom plays a critical role in this chemistry: abstraction of ring hydrogens
from the PAH is responsible for "activating” the surface for further growth. Unfortunately, in the
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flame region that growth is likely to occur, there are no reliable measurements of H-atom
concentration [14). In these flame regions we have calculated [H-] assuming total local equilibrium.
There has been much written about the importance of super-equilibrium concentrations of radicals
in combustion processes in general [19] and aromatic growth in particular {10]). Although it is well
known that super-equilibrium exists near the high temperature reaction zone of hydrocarbon diffusion
flames [13), calculations also suggest that super-equilibrium extends well into the fuel rich flame
regions where growth may occur [19]. Therefore, assumption of total equilibrium may grossly
underpredict the concentration of hydrogen atoms and, consequently, the rate of ring growth. Our
model calculations bear this out: unless an enhancement factor for chemical growth was included, no
appreciable build-up of PAH occurs. To reach a volume fraction of soot approaching that which has
been observed experimentally [18], this factor must be on the order of 500, which implies hydrogen
atom concentrations in the growth region on the order of a few hundred parts per million. With
current measurement strategies for hydrogen atom, this is a value near the detection limit in fuel rich
regions of a diffusion flame [23}.
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Figure 2 Concentrations of benzene (~-) and heavy PAH and soot (--) as a function of time from burner surface
for the streamline of peak soot loading (the fifth from the right streamline in Figure 1).

Figure 2 shows the concentrations of benzene and the soot volume fraction along a streamline
which exhibited maximum PAH growth rates. Soot volume fraction is defined as the volume occupied
by all species larger than coronene (A,) in the model assuming that they all have the same density
as soot. As expected, large concentrations of benzene precede the formation of larger PAHs in the
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flame and that the volume fractions in this flame are small enough that total oxidation of the PAH
occurs near the flame tip. (The oxidation of larger PAH leads to the shoulder on the benzene profile
at 70 msec.)

Figure 3 shows a contour plot for soot concentrations in the flame calculated with the factor
of 500 used for the enhancement of chemical growth rates. This picture looks qualitatively similar
to comparable pictures derived from laser light scattering and extinction measurements [18) and to
other model calculations of soot formation and oxidation in diffusion flames [5].

HEIGHT ABOVE BURNER, cm

05 - 10
RADTAL POSITION, ‘cm

Figure 3 Contours of soot volume fraction in methane/air diffusion flame.

Conclusions

These model calculations provide an initial attempt to combine simplified aromatic growth
chemistry with the conserved scalar description of diffusion flame structure. Although preliminary,
the results suggest the important role that super-equilibrium hydrogen atom concentrations play in
the growth chemistry. Future mode] improvement will hinge on the development of a more
quantitative understanding of this factor.
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INTRODUCTION

Carbon clusters ranging in size from a few to a few hundred atoms are currently a topic of
intense theoretical and experimental study. Recent advances have made it possible to
synthesize Cgg, buckminsterfullerene, and other even-numbered carbon clusters ("fullerenes™) in
macroscopic quantities so that these spherical clusters, and their chemical derivatives, have
made the leap from laboratory curiosities to potentially important materials. This has lead to an
explosion of research in fullerene characterization and chemistry. Fullerenes are ubiquitous to a
variety of growth environments that abound in species with elements other than carbon and are
implicated in environments ranging from sooting flames to interstellar space. Fullerene ions can
be observed as the dominant mass spectral features when a variety of substrates, including
polycyclic aromatics,! polymers,2 and soot particles,3 are vaporized by a laser in vacuo. They are
also observed in sooting flames in the region where soot particles first form.4.5

No matter what the conditions of growth, it now seems clear that the fullerenes and
carbon (or soot) particles are intimately connected. At question is the model for particle growth
proposed by Kroto6-7 and Smalley® that has been postulated to account for the molecular beam
results and-has been extended to explain soot formation in combustion. Simply put, this model
assumes that the nucleus of the growing particle is an incomplete spherical shell that
accumulates primarily graphitic carbon on its reactive edges. A fullerene is formed in the rare
event that a shell closes, thereby becoming inert with respect to further growth. This model has
been the subject of much debate® between its proponents and those who favor the more
traditional mechanism for soot formation. The traditional view19-12 explains the rapid growth of
soot at its inception by reactions between large polycyclic aromatics that are found in abundance
in sooting flames. Subsequent addition of mass then proceeds via surface growth reactions
between the soot particle and smaller gas phase reactants. The observation of fullerenes in
sooting flames by Homann et al.45 has been taken by some as evidence for the spiraling shell
model. However, Homann et al. interpret their results within the traditional mechanism and
hypothesize that the fullerenes are formed from nascent soot particles by an evaporative process.

We have begun a program to study the reactions of large carbon clusters and their
hydrogenated analogs, which we shall call carbonaceous clusters, and attempt to make the
connection between the molecular beam/flow reactor environment and a sooting flame. Smalley
and co-workers have previously examined the reactivities of small (n<20) and large (n>40)
carbon clusters in molecular beam work with the laser vaporization clusters source. In one
study, Heath et al.13 looked at the C;, and CyHy, ions produced by the multiphoton ionization of
neutrals created by the addition of various hydrogen-containing reactants to the carrier gas
upstream of the laser-induced plasma. In another study, Zhang et al.8 examined the reactivities
of the large neutral clusters in a fast flow reactor located downstreain of the vaporization region;
they used single-photon ionization to probe the neutral cluster distributions. These experiments
showed the unique inertness of the fullerenes t chemical attack by a variety of reactants. In
both these studies, the authors used a linear time-of-flight mass spectrometer (TOF MS) with
moderate mass resolution. In particular, the mass resolution in the fullerene study was
insufficient to observe the products of the facile reactions between the injected reactant and the

* This work supported by the United States Department of Energy, Office of Basic Energy
Sciences, Chemical Sciences Division.

1525



odd-numbered clusters (which cannot achieve closed shells). These products appeared as an
unresolved background from which the fullerene peaks stood out.

In this paper, we summarize results from experiments in which the formation of clusters is
modified by addition of hydrogen to the carrier gas that flows over the graphite in the laser-
vaporization source.l4 The resulting carbon and carbonaceous clusters (for n>20) are gently
single-photon ionized by a vacuum ultraviolet laser (F2 158 nm) in order to probe the neutral
cluster distribution without extensive perturbation from ionization efficiency or multiphoton
fragmentation. The cluster ions are subsequently mass analyzed in a high resolution reflectron
TOF MS. The resolution of this instrument at high mass (M/AM~1700 at 720 amu) allows us to
completely resolve mass peaks separated by 1 amu, i.e. each value of m in CyHp. By adjusting
the growth conditions in the cluster source through combinations of carrier gas density and
residence times, we can produce carbon cluster distributions that exhibit wide variations in their
degree of local maxima, or magic numbers. For example, we find low-growth conditions in which
the abundances of odd clusters are nearly equal to those of the fullerenes. Alternatively, we can
create very "magic" distributions in which the fullerenes, especially Cgg, dominate the
neighboring odd clusters. The carbonaceous cluster distributions produced by the addition of
hydrogen to the carrier gas always show a dramatic preference for the formation of CoHp clusters
with odd n. Remarkably, the clusters with even n appear predominantly as pure Cy, i.c. the
fullerenes. We quantify these qualitative trends through-a hydrogenation analysis that
determines the fraction of each cluster that is hydrogenated and the distribution of hydrogens
among the ChHp. The quantitative results (hydrogenation fraction, hydrogenation distribution,
C/H ratio, etc.) show vivid evidence for the formation of long polyacetylenes, ChHa, for even n up
to n=44. In addition, they reveal a dramatic change in hydrogenation behavior at about n=40 that
provides more indirect evidence in support of the fullerene structural hypothesis. Finally, we
discuss the implications of our results with respect to incomplete spherical shells and the
corresponding model for particle growth.

EXPERIMENTAL TECHNIQUE

Carbon clusters are created by laser vaporization of graphite (3.2-mm-diameter rod, Pure
Tech, 99.99%) into the helium flow following a piezoelectrically actuated pulsed: valve that
operates with 10-100 psig backing pressure and a 1-mm-diameter orifice. The vaporization
laser is the second harmonic of a Nd:YAG laser (Spectra Physics DCR-11) at 532 nm with a
pulse length of 6-7 ns and energy of 17 mJ. The flow channel is 2.5 mm in diameter at the target
rod and for 22 mm downstream; the last 12 mm of the channel forms a 30° conical nozzle from
which the flow expands into a vacuum chamber pumped by an unbaffled diffusion pump (Varian
VHS-10). The cluster/helium expansion is skimmed once in the source chamber (5-mm-
diameter skimmer, Beam Dynamics) at 35 cm downstream of the source. The resulting molecular
beam enters a second vacuum chamber pumped by a 500 1/s turbomolecular pump (Balzers TPU
510) and is further collimated by a second 5-mm skimmer (98 ¢cm downstream) before entering
the ionization chamber of the reflectron TOF MS, which is located 109 cm downstream of the
source. Carbonaceous clusters, of the generic formula CpHyy,, are formed in the same manner as
Cn except that the helium carrier gas is replaced by a mixture of Hp in helium. Vacuum ultraviolet
photoionization using the light from an excimer laser (Questek 2820) operated on the Fj line at
158 nm (7.89 eV) creates cluster ions in the ion source of the reflectron TOF MS. Typical laser
pulse length and fluence are ~17 ns and 0.1 mJ/cm2, respectively. The timing for these
experiments is controlled by two digital delay generators (SRS DG535) under computer control.

The reflectron TOF MS is a modified version of a commercially available instrument (R.
M. Jordan Co.) and is arranged such that the initial ion-beam axis is collinear with the neutral
cluster beam. The repeller-extractor and extractor-ground plate spacings are 1.9 cm and 0.95
cm, respectively; the repeller and extractor voltages are 1800 V and 1000 V, respectively. The
ion beam (nominal energy 1400 eV) is accelerated out of the jonization source along the neutral
beam for 0.5 cm before entering a static deflection field of 37 V/cm that extends for 3.8 cm. This
field deflects the ions over a total angle of 7.2°. After passing the first flight region (97.7 cm), the
ions are deccelerated and re-accelerated in a two-stage reflector. The first stage is defined by
two grided plates separated by 1.2 cm and has a 1000 V potential increase. The second stage is
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9.7 cm long and consists of 11 guard rings with elliptical openings terminated by the reflector
plate. Final temporal focusing of the ions is achieved by fine adjustments of the electric field in
the second stage by changing the voltage applied to the reflector plate (nominally 1620 V). Ions
emerging from the reflector traverse the second field-free flight region of 64.2 cm in length before
striking a 40-mm-diameter dual microchannel plate detector (R. M. Jordan Co.). The ion time-
of-flight signals are amplified (Comlinear CLC 100) and digitized by a 400 MHz digital
oscilloscope (LeCroy 9450). The TOF mass spectrum is acquired as separate summation
averages (typically 1000 laser shots) in 50-ps increments and is transferred from the digital
oscilloscope to a host computer for analysis.

RESULTS
A. Mass Spectra

In Fig. 1 we display an example of the TOF mass spectrum of ChHp ions for n=16-160
obtained under moderate-growth source conditions with a 0.5% Hy/He mixture. We have taken
many other Cp and CpHy, mass spectra under low-growth and high-growth source conditions.14
Our definitions of the growth characteristics in the cluster source are predicated on the nature of
the carbon-cluster mass spectrum taken under identical detection conditions. We define "low-
growth" conditions as those under which the odd-numbered C;, are roughly as abundant as the
even-numbered clusters in the region near n=60 . A distribution near n=60 in which the even
clusters, and particularly Cgp, have considerably more intensity than the odd clusters defines
"moderate growth” (see Fig. 1). For our cluster source with the flow channel described above,
moderate growth is the norm, i.e. 100 psig backing pressure, full driving voltage applied to the
valve, and vaporization timed to occur in the center of the gas pulse. Low growth can be
achieved in several different ways: lowering the backing pressure to 10 psig, lowering the driving
voltage on the piezoelectric valve, or by firing the vaporization laser early in the gas pulse. All of
these approaches lower the effective density of the carrier gas over the target when the
vaporization laser fires. We can also achieve high-growth conditions, in which Cgg completely
dominates the Cy distribution at 50<n<70, by running under nominal conditions and increasing the
length of the flow channel by 27 mm. The observation of enhanced evenfodd alternation with
increasing carrier gas in the source is consistent with the model proposed by Smalley and Kroto
in which the fullerenes are the survivors of the cluster-growth process that ultimately leads to
carbon particles. Increasing the carrier gas density provides greater containment of the carbon
vapor in the laser-induced plasma and thus provides a higher density of growth species and
leads to more rapid condensation.

The moderate-growth mass spectrum produced with a 0.5% Hz/He mixture in Fig. 1
shows hydrogenated clusters, ChHp, that appear both with n even and odd up to about n=40. At
this point the odd clusters continue to appear predominantly as hydrogenated species while
substantial intensities of even Cy, appear above this hydrocarbon "soup”. Figure 2 displays the
comparison of the Cy and ChHm moderate-growth mass spectra for n=21-24 and n=58-62. For a
given n, the signal for each mass peak in the CquHy, spectrum has contributions from the 13C
isotopic variants of Cp and from the CpHp, species and their 13C isotopic variants. This
convolution, which increases in severity with increasing n because the 13C distribution widens,
makes it impossible to determine the distribution of hydrogenated species directly from the mass
spectrum. Note the propensity for the formation of ChHj for the even-numbered clusters in the
n=21-24 range. The CqHpy spectrum for n=58-62 in Fig. 2 shows hydrogenation of both even and
odd clusters near n=60. However, the extent of the hydrogenation is clearly much greater for the
odd clusters; substantial amounts of the even clusters appear as bare carbon clusters. In the low
growth case, the addition of hydrogen enhances the appearance of the even Cp, and especially
Ce0, with respect to the hydrocarbon background. Remarkably, this occurs even when the even
clusters do not appear as "special” in the corresponding C,, spectrum.

B. Hydrogenation Analysis

To quantify the extent of hydrogenation and the distribution of hydrogen atoms for CyHp
at a given n, we have developed a procedure in which the effects of the 13C isotopic distribution
are deconvoluted from the hydrogenation distribution. Ref. 14 describes this procedure in detail.

1527



It is applicable to situations in which the hydrogenation distribution for cluster n ends before the
one for cluster n+l begins, i.e. m<11. For the data presented here, we can apply the
deconvolution to the moderate-growth spectrum over the entire range of n in which sufficient
mass resolution is maintained (typically n<100). From the analysis we extract the
hydrogenation fraction, xp, and the fractional abundance for each m, gp.

One of the more dramatic effects, discussed qualitatively above, that we observe in the
carbonaceous cluster distributions is the tendency for the even clusters above n=40 to appear as
bare Cp while the odd clusters are hydrogenated. This effect is shown vividly in Fig. 3 in which
we plot the hydrogenation fraction, xp, versus cluster size, n, for the moderate-growth
experiment. At low n both odd and even clusters show hydrogenation fractions that are high, 75-
90%. At about n=40 there is a sharp drop in xp for the even clusters while the hydrogenation
fraction for the odd clusters stays high, never dropping much below 80%. The hydrogenation
fraction is lowest for the even clusters in the n=50-70 range with a sharp minimum at n=60. The
dramatic odd/even alternation near n=60 is shown quite nicely in the mass spectrum (Fig. 2);
only 34% of the n=60 peak corresponds to CoHm while 85% of the neighboring n=61 peak is due
to hydrogenated species. Above n=70 the hydrogenation fraction gradually increases for even n
and decreases for odd n, with the two curves apparently heading toward a common asymptote.
This trend cannot be confirmed in this data because of the loss of mass resolution at n>100.

We can quantify the tendency for even CHp, to appear with m=2 by examining the ratio of
the fractional abundances for m=2 and m=1, go/g). Fig. 3 displays a plot of go/g1 versus n for the
moderate-growth data. For the odd clusters this ratio stays constant at or near unity until
around n=70. By contrast, g2/g| is much larger for the even clusters until it drops quickly near
n=40 so that for n246 the ratio is nearly identical for both odd and even clusters. This data
demonstrates that with small amounts of hydrogen present in the source clusters as large as
n=44 have a decided preference to appear as CyH2; odd clusters show no such preference. Near
n=60, both even and odd clusters show a hydrogenation distribution that decreases
monotonically with m and thus go/gi<1. As n increases above about 70, the distributions widen
and develop maxima at m>1 so that the ratio go/g1 gradually rises to values larger than unity.

DISCUSSION AND CONCLUSIONS

The mass spectra of ChHp ions for 8<n<20, produced by multiphoton ionization of
. neutrals made by addition of various reactants to the carrier gas, have been discussed by Heath
et al.13 They also observe the tendency for even clusters to form CnH2 species while the odd
numbered clusters generally are found to have no distinctive hydrogenation pattern. The
formation of ChH7 species is a strong signature of linear polyacetylenes of the form H-C=C-
(C=C-)mC=C-H. Heath et al. postulate that these form by the addition of two hydrogens to the
terminal carbons of linear carbon chains that are triplet diradicals, *C=C-(C=C-)pC=Cs. Our
data extends the results of Heath et al. to larger clusters. Interestingly, we observe a preference
for CyH2 formation for even clusters up to n=44. This preference demonstrates that at least
some of the ChHp, species formed in our experiments are very long polyacetylenes. For n210
theoretical calculations for bare carbon clusters agree that monocyclic rings are more stable than
linear chains. However, for reasons we now explore, it seems highly unlikely that long
polyacetylenes are formed by hydrogenation of existing monocyclic rings.

In this type of experiment, where Hy is added 1o the carrier gas upstream of the laser-
induced plasma, we interpret the results in terms of a modification of the cluster growth that
occurs without the reactant gas. The most important hydrogenation reactions are probably facile
radical-radical reactions, i.e. reactions between H atoms and carbon or carbonaceous radicals.
The results of Heath et al. support the assertion that H-atom reactions are imgortant; they
observe similar ChHm products for a variety of hydrogen-containing reactants.8 Under our
experimental conditions the carbon density in the vaporization plume is in great excess of the H-
atom concentration and carbon-cluster growth via reactions with small growth species (C, Ca,
and C3) will proceed largely as if there was no reactant gas. The important difference is that
hydrogen atom attack on a radical center might now render a cluster relatively inert with respect
to further growth or hydrogenation. For even clusters with less than about 44 atoms this is
observed as the formation of long polyacetylenes, the first non-radical species that can be formed
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for a linear geometry. It is important to note that H-atom attack on a radical center might occur
at any point in the cluster growth, not just at the end. For example, a linear Cyo might be
terminated at one end but continue to grow via carbon addition at the other, reactive end until it
also encounters an H atom and is terminated.

The same picture of the modification of cluster (and ultimately particle) growth can be
used to interpret our results for the larger carbonaceous clusters (n240). The results of our
hydrogenation analysis of the data taken under moderate-growth conditions show dramatically
the change in nature of the carbon and carbonaceous clusters near n=40. The plots of
hydrogenation fraction and the ratio g2/g) versus cluster size (Fig. 3) are particularly vivid in this
regard. This pronounced change in behavior must be associated with a global change in
geometric structure. Near n=40 the evidence for linear polyacetylenes disappears and the even
clusters become inert relative to their odd neighbors. Clearly, even-numbered can adopt
structures that do not have reactive, radical centers, i.e. closed shell fullerenes. By contrast, the
odd clusters always appear hydrogenated, since they can only eliminate dangling bonds by
hydrogenation.

As with the smaller clusters, the addition of hydrogen to the source in our experiments
produces a relatively small perturbation in the overall growth of clusters and particles. One
possible effect is that the H atoms in the cluster-growth region might decrease the likelihood of
shell closure by tying up the radical sites at the edges of spiraling shells. However, the addition
of hydrogen always accentuates the appearance of the fullerenes through the preferential
hydrogenation of the neighboring odd clusters. This effect is especially pronounced in the low-
growth spectra. On the basis of the low-growth Cp, distribution alone, one might infer that both
even and odd clusters are unclosed, reactive isomers, i.e. the even clusters have not yet found
their way to closure. Yet, the addition of hydrogen under low-growth conditions clearly shows
that some of the even clusters have already closed and become unreactive.

The implication of these results is that cluster growth and cluster hydrogenation are at
least partially separable processes, with growth preceding hydrogenation. As noted above, it is
dangerous to interpret our experiments entirely in this manner since hydrogen is present at all
times in the course of cluster growth. However, such behavior can be rationalized both on fluid
dynamic and thermodynamic grounds. Large clusters, and even particles, grow rapidly in the
vaporization plume where the concentration of growth species in the carbon vapor is high relative
to the hydrogen reactant. Significant hydrogentation may not take place until the vaporization
plume is mixed by turbulence with the reactant/carrier gas mixture at points downstream. Also,
in the high-temperature vapor plume the graphitic, spiraling shells are thermodynamically favored
over their hydrogentated analogs. As the temperature drops during the flow through the source,
irreversible hydrogenation of reactive sites can produce carbonaceous clusters. The even
clusters can adopt closed structures under high-temperature pyrolytic conditions and thus
become inert to subsequent hydrogenation at lower temperatures. By increasing the carrier gas
density to our moderate-growth conditions, we drive the condensation process harder by
increasing the carbon density in the high-temperature region, thereby allowing more even
clusters to become fullerenes. Addition of small amounts of hydrogen under these conditions
effectively "titrates” the odd clusters by hydrogenation but the unreactive even clusters emerge
largely unscathed (see Fig. 2).

The conditions in our experiments are intentionally adjusted in order to avoid extensive
hydrogenation. The relatively small amount of hydrogenation is thus insufficient to tie up all the
reactive sites in a growing cluster and spbstantially slow further growth toward particles. The
C/H ratio for the CyHpy species that we produce in the moderate-growth experiment increases
monotonically from ~6 at n=20 to ~18 at n=100. These values are much higher than what one
would expect for spiraling shells whose reactive edges were completely saturated with
hydrogens. As an upper bound on the C/H ratio of such species, consider the series of Dgp
polycyclic aromatics of the form Cej2Hg;j, i-e. CeHg, C24H12, Cs4H1g, CoeHaa, etc. The C/H ratio
in these planar species is simply J; the C/H ratio is 3 at n=54 and 4 at n=96. Generally, a
partially closed shell will have fewer possibilities for C-H bonds than these species. A
reasonable estimate might be a shell with half as many reactive sites; this gives a C/H ratio of 6-
8 for n=54-96. We observe a C/H ratio of 15-20 in this size range in our moderate growth
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experiment. This indicates that the hydrogenation distributions are still in the kinetically limited
regime and do not represent saturation of all reactive sites. Finally, we note that our
carbonaceous clusters are more carbon-rich than soot particles formed in combustion processes.
Typically, nascent soot particles have a C/H ratio of 2-3 that may increase to 8-10 as the soot
dehydrogenates at later stages in the flame.10

Our results, in which we study the formation of carbon and carbonaceous clusters in a
laser-vaporization source with controlled addition of hydrogen, are quite similar to those
obtained in a variety of other in vacuo laser vaporization studies!-3 and in the flame studies of
Homann et al.45 In all these cases, the large, even carbon clusters appear as the dominant mass
spectral feature under conditions where there are substantial quantities of elements, especially
hydrogen, other than carbon in the growth region. In our controlled hydrogenation studies we
create conditions in which the neighboring odd clusters form a hydrocarbon background against
which the fullerenes appear. We suspect that in some of the other vaporization studies and
flame investigations the fullerenes stand out from a similar, unresolved hydrocarbon background,
although the hydrogenation may be more extensive and thus spread the cluster distribution over
a wider mass range. The idea that rapid carbon-cluster growth, and occasional fullerene shell
closure, occurs in high-temperature regions where hydrogenation, or oxidation, is not favored
must also apply to these environments. In the laser vaporization experiments, the high-
temperature region is the laser-induced, high density plasma formed above the substrate,
whether it be soot3 or various polymers.2 In the flame studies, the fullerenes are found in the
region where the temperature is near it maximum (T~2100 K) and soot particles first begin to
form.45 The exciting and unanswered question in these experiments is whether the fullerenes
are created during soot formation, as proposed by Smalley and Kroto, or as the result of
vaporization from the surface of a soot particle, as hypothesized by Homann et al.5

One of the great difficulties in elucidating the mechanism of soot inception is that the
species one observes in a sooting flame, whether they be polycyclic aromatics or fullerenes, are
the by-products of the process. The keys to any chemical mechanism are to be found in the
radical species that control the kinetic pathway. Unfortunately in the case of soot formation,
these radicals wind up buried in the soot particles; the manner in which they arrived there is but a
distant memory. Analysis of the particles, while informative, cannot provide the data necessary
to differentiate between hypothetical formation pathways.

In the future, we shall investigate the role of large carbonaceous clusters in soot inception
and growth by concentrating on reaction studies of the reactive clusters. These may be the odd
clusters, which can never completely close, or the reactive isomers of the even clusters. The
cluster beam source provides an ideal forum for studies of reactive intermediates because these
species can be frozen out in the free jet expansion. We shall perform more studies, such as
those presented here, in which reactants are added upstream of the vaporization. Of particular
interest is the formation of carbonaceous clusters under conditions that emulate those in a
sooting flame, i.e. oxidative, not just pyrolytic. In addition, we shall pursue more controlled
chemical reactions using the fast-flow reactor techniques that have been used so successfully in
the study of metal cluster chemistry. Zhang et al. have performed some initial work in this area
on the large carbon clusters.® However, their study was aimed principally at the unique,
unreactive nature of the fullerenes; the products of reactions with odd clusters were observed
only as unresolved background. We intend to use the high resolution of the reflectron to sort out
the products of reactions such as CpHp + CoHa, which represents a model for the growth of a
soot particle through the addition of acetylene. Again,,the emphasis will be on arresting the
growth process in order to examine clusters that are reactive intermediates and not on the stable
by-products, such as the fullerenes.
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FIG 1. Reflectron TOF mass specrtum of carbonaceous clusters, CnHm, produced
with a 0.5% Hp/He mixture as the carrier gas under moderate-growth conditions in
the cluster source.
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FIG. 2. Close-up views (n=21-24 and n=58-62) of the C, and C Hy, mass spectra
taken under moderate-growth conditions. Top panels: spectra of C, taken with He
carrier gas; bottom panels: spectra of CHytaken with 0.5% H,/He carrier gas.

FIG. 3. Results of hydrogenation analysis for moderate-growth C H,, mass spectrum
(Fig. 1) as a function of cluster size, n. Left: the fraction of hydrogenated species.
Right: the ratio of fractional abundances of for m=1 and m=2.
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Polycyclic Aromatics, Fullerenes and Soot Particles
as Charged Species in Flames

Th. Baum, S. Léffler, P. Weilmiinster and K. H. Homann
Institut fir Physikalische Chemie, Technische Hochschule Darmstadt
Petersenstr.,20, D-6100 Darmstadt .

1. INTRODUCTION AND EXPERIMENTAL

The ionic structure of fuel-rich hydrocarbon flames resembles the
profiles of the larger neutral intermediates much more than those of
initial reactants and main products. This applies in particular to
polycyclic aromatic hydrocarbons (PAH). They have low and rather
similar ionization potentials and relatively large proton affinities.
The pattern of reactions of positive ions, condensation and cycli-
zation reactions, shows many similarities with the behavior of their
neutral counterparts. Apart from the predominance of some PAH* with
an odd number of C atoms, which would be radicals in the neutral
state, the occurrence of PAH* is an indication of the existence of
the respective neutral compounds. Thus, large flame ions, their
composition, reactions and equilibria at high temperature are not
only of interest for themselves, but also reflect the existence and
behavior of large neutral PAH. The discussion of fullerenes in flames
has still to be based solely on their ions.

The experimental procedure of sampling 26.6-mbar flat premixed flames
via a two-stage nozzle/molecular beam sampling system and analyzing
the ions by a time-of-flight MS has been reported {1, 2]. Recently,
the MS was modified by adding a Mamyrin-type ion reflector, thereby
increasing the mass resolution (m/am)sex to about 1500. The

flight time was determined by a multi-stop time-to-digital converter.
Ion signals from about 20.000 extraction pulses were summed up to
give the mass spectrum. Details will be published elsewhere [3}].

2. POLYCYCLIC AROMATIC HYDROCARBON IONS (PAH*)

The main formation of the PAH* in sooting flames takes place in the
oxidation zone where their concentrations go through maxima (Fig. 1)
[2]. The decrease of the PAH* with m ( 325 u after their

maxima is due to thermal decomposition, probably initiated by
oxidative attack. It takes place almost simultaneously for these
lower-mass PAH*. The larger PAH* with m > 325 u continue to

grow as shown by the shift of their maxima to greater heights with
increasing mass. The largest PAH* in acetylene flames reach masses
of about 2.5 x 10% u,

PAH* occur with any number of C atoms and those with a certain car-
bon content contain a varying number of hydrogen atoms (Fig. 2). The
number of H atoms points to certain structures. Other arguments in
this respect are the thermal stability, the relation to identified
neutral PAH and the occurrence of certain side chains, the prevalance
of peri-condensation and the possibility of protonation and deproto-
nation as a function of temperature.

The relatively large concentration of CisHe* in Cz2Ha
flames, an indication of little reactivity, is a strong argument for
the stable fully condensed phenalenylium (I):

& o SO
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Other isomers such as (II) would be less stable. The far less ther-
mally stable dihydro-compound, CisHi1*, occurs in extremely low
concentration. At higher temperature, Cis3;H:* is formed, an ion
that cannot be formulated as a tricyclus without assuming a benzyne
bond which was never observed in flame components. A more probable
structure, compatible with structural elements normally found in PAH,
would be:
" It could be formed by thermal decomposi-
i tion from phenalenylium via retro-inser-
tion out of a six-membered ring followed
by Hz elimination from the resulting
side chain. Structures with side chains
containing triple bonds are suggested for the relatively hydrogen-
poor PAH* with m g 300 u. It is known from butadiyne pyrolysis
that such side chains are split off from PAH at temperatures ) 1400 K
[4]. This would fit the finding that the lower-mass PAH*
decompose thermally in a flame zone where polyyne ions are formed.

A CxHy+:* , being present in appreciable concentration compared to
a main PAH* CxH,* , indicates a change in the carbon skeleton
rather than hydrogenation. For CisHs+ probable structures are

55w

while CisH11* is rather a tricyclus with a CH: sgroup

ce ot

Protonation enlarges the variation in the number of H atoms of even-
numbered PAH* without change in the carbon skeleton (Fig. 2). An-
other example is the Cis-PAH which is present as Ci¢Hi:*

(protonated pyrene or less probable fluoranthene, closed-shell ions})
and CisHi0* (ionized pyrene, radical ion). At lower temperature

the protonated PAH is formed, but at higher temperature the latter
attains even larger concentrations. Ci¢Hes* which is assumed to be

a butadiynyl-acenaphtylene ion is also formed at high temperature.

For larger PAH, the number of H atoms depends on the arrangement of
rings. Divergence from a more circular system to an elongated or

ribbon-like PAH increases the number of hydrogen atoms by 2 or a
larger even number, for example

e

CisHis CysHie CasHzo CisHzz

On the other hand

Gy

CioHie CigHia
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Formation of 5-rings condensed with the 6-rings diminishes the number
of H atoms by 2 or a multiple thereof. This possibility of forming
relatively hydrogen-poor PAH* is held more probable for high-mass
ions.

Of the many possible variations in the number of H atoms for a fixed
number of C atoms only a few, seldom more than 3 for odd-numbered and
4 for even-numbered PAH*, are realized, even in the case of large
PAH* ., Although there are shifts in the abundance of H-rich and

H-poor PAH* with temperature, there is always one certain C-H-com-
position that dominates in a group of ions with the same number of C
atoms. This is always compatible with a highly condensed arrangement
of 6-rings with one or no 5-ring. However, in the case of large

PAH* these predominant C-H-compositions would also £it to elongated
or ribbon-like ring arrangements with an increased number of 5-rings.
This option would be in favor of fullerene formation, see below.

Oxo0-PAH*, such as C;zHeO*, Ci¢H1:0% and C1sH,,0%up to

CasH130% are intermediates in fuel rich.benzene flames. They
occur together with PAH* [5]. Probably, the positive charge is
located on an O atom outside the ring system, for example:

& :
- G0
This structure is more stable than
20
D,
+
Oxo-PAH* are thermally less stable than PAH* with the same number

of C atoms. A primary decomposition step of oxo-PAH* probably is
the elimination of CO, for example:

o —5-

This mechanism of PAH* formation is not taking place in acetylene
flames, since no oxo-PAH* are formed from this fuel. Many PAH* in
benzene flames contain two more H atoms and probably have structures
different from those with the same number of C atoms in acetylene
flames. CisHe* is missing in benzene flames since there is no

easy mechanism by which it could be formed through CO elimination
from Ci4HoO*. High-resolution mass spectrometry will show

whether such differences in H content do also occur in larger PAH*.
This might have to do with the stop of PAH* growth at 900 to 1000 u
and the absence of charged soot particles in benzene flames up to a
c/0 = 0.93.

Oxo-PAH- which are only formed in flames of aromatic fuel also
decompose within the oxidation zone by elimination of CO giving
PAH-, for example:

o-
o — Co

The resulting PAH- with their comparatively stable cyclopentadienyl

anion structure, also unique in benzene flames, do not show further

growth. That the negative charge of oxo-PAH- is located on the O

atom is supported by the fact, that they are able to grow by conden-
gation reactions with lower unsaturated hydrocarbons.
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3. POSITIVELY CHARGED SOOT PARTICLES

PAH* with m ) 350 u grow continuously until their average mass
reaches about 800 to 1400 u in sooting acetylene flames. Then a new
broad distribution of masses ranging from about 2.5 to 7 ¥ 103 u
appears. It has a flat maximum at about 4 ¥ 10? u (Fig. 3, 1lmm).
This is due to the first charged soot particles. About 0.3 ms later
(12 mm), it has increased in intensity, peaks at 5§ * 102 u and
extends to 10* u. Meanwhile, the large PAH* have disappeared to a
large degree. Instead of a continuous shift of the PAH* distribu-
tion into the range of the beginning charged soot, there remains a
minimum at about 2 ¥ 102 u. This behaviour is interpreted as a
switch from a mainly two-dimensional growth of the PAH* to a three-
dimensional growth of soot particles, initiated by sticky collisions
of large PAH* with neutral PAH of the same mass range. The total
ion concentratiom stays almost constant between 11 and 12 mm [1].

From 14 mm on, the number density of charged soot particles increases
strongly because of the onset of thermal ionization. The further
development of the particle mass distributions is shown on Fig. 4,
obtained from measurements using a combination Wien-filter/energy
discriminator for mass analysis [6].

At the start of soot formation in acetylene flames, the fraction of
positively charged soot is very low, of the order of 1 % . It increa-
ses to 30 - 40 % (depending on the burning conditions) when the sin-
gle particles have reached their final size [7]. Thus, the largest
part of positively charged soot is formed by thermal ionization from
neutral soot and not as a consequence of growth of PAH*. Most of

the charged particles carry a single charge. With increasing flame
temperature the fraction of doubly charged particles increases up to
about 10 %. There is also negatively charged soot. It is formed some-
what later and its amount does not reach that of the positively char-
ged soot (15 to 25 %). The percentage decreases with increasing flame
temperature. As pointed out, PAH- do not grow. Therefore, there is

no connection between PAH- and the first negatively charged soot
which most probably is formed by electron attachment to neutral
particles.

In benzene flames (for C/0 < 0.93) the growth of PAH* stops at

about 1 ¥ 10% u and only neutral socot is formed thereafter. The
reason for this behavior of PAH* is not quite clear. The lower con-
centration of acetylene and polyynes, the higher temperature together
with the partly different structure of PAH* in benzene flames might
be the reason. The lack of thermal ionization of soot is caused by
the smallness and the slow growth of the first particles in low-pres-
sure benzene flames which is also correlated with the lower concen-
tration of highly unsaturated aliphatics.

4. FULLERENE IONS

Fullerene ions of both sign cover a much larger mass range than PAH
ions. The smallest positive ion detected in benzene flames is

Csz2* (384 u). The largest one in sooting acetylene flames exceeds
Csoo* (6000 u) as shown by the mass spectrum in Fig. 5. General-
ly, there are a few outstanding peaks (Cso, Ceo, C7r0, Cza,

Csz, Cea) and a much larger number of quasi-continuously distri-
buted species [5]. A mass spectrum of negative fullerene ions from
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the burned gas of a benzene flame in Fig. 6 shows the same general
appearance. It differs, however, in some details such as the forma-
tion of very small fullerenes like Caes~ (smallest in acetylene
flames is C44™’) and the occurrence of odd-numbered fullerenes
containing 1 to 2 H atoms centered around Css and {to a less
degree) around Cr;o~ . There are further differences in the ion
abundances depending on the height in the flame, the sign and the
burning conditions.

The largest difference in the nature of fullerene ions is' caused by
the onset of soot formation. Fig. 7a demonstrates the change in the
fullerene mass spectrum from the soot-free oxidation zone to the soot
forming zone in the burned gas of the same benzene flame. A princi-
pally similar result was obtainwith mass spectra from the burned gas
of acetylene flames below and above the critical C/0 for soot forma-
tion, see Fig. 7b. In both cases the overall abundance of the ions
increases and the quasi-continuous distribution of the heavier fulle-
renes appears when soot is formed. There are mainly some of the
outstanding peaks where the fuel-rich flames are free of soot.

In acetylene flames, where the oxidation and the soot-forming zone is
clearly separated, the concentration of fullerenes drops to very low
values where the temperature is near its maximum and the O: is not
yet completely consumed. This minimum is specially marked for nega-
tive fullerene ions. It is interpreted as burning of the lower-mass
fullerenes. A decrease in the total negative ion concentration may
contribute to this effect [1]. In benzene flames where these two
zones overlap the intermediary decrease is weak for negative fulle-
renes and not expressed in the positive ion profiles. Formation of
fullerenes in the oxidation zone can be suppressed by increasing the
temperature.

In the secondary reaction zone of the flame, where Oz is not yet
completely consumed, large fullerene ions of vastly different mass
are formed almost simultaneously in the presence of soot. The pro-
files do not indicate a growth of fullerenes. They reach a second
maximum in the burned gas and also decrease simultaneously, probably
by charge recombination. The formation of the "prominent” fullerene
ions (Cso, Cso, C70) in this zone is more or less retarded,
depending on the burning conditions. In particular, Cse~ increa-—

ses steadily in the burned gas where large negative fullerenes
decrease.

While the formation of large PAH may in principle be explained by the
growth of lower mass species through reaction with unsaturated C;-,
Cis- and Cq4-hydrocarbons and/or the respective radicals, this is

not so for the fullerenes. Cso* is always the first to be obser-

ved without being preceded by lower-mass fullerenes. It lies between
the Cs5s~ and Cs9-PAH* in the mass spectrum. But these species

contain between 18 and 20 H atoms and therefore have quite a diffe-
rent structure. The question is, how might closed-cage molecules (or
ions) with 12 five-membered rings be formed in a homogeneous reaction
without going through intermediates with too much ring tension.

If the mass spectrum of PAH* is searched for possible "pieces" of
Ceot, the free valencies of which being saturated by H, there are
mainly smaller mass PAH* up to 250 u, the C skeletons of which are
structural elements of Ceo. Mass 250 (CzoHio) could represent a

PAH consisting of five 6-rings surrounding one 5-ring. CaoHiz,13
with mass 372 and 373 u which would be the molecular formula for one
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"half" of a Cse occurs only in very minor concentration. A forma-
tion of Ceéo by reactive collision of two half-shells would be too
slow because of the low concentrations of the reactants. There is an
ion with composition CsoHée' in very low abundance, which does not

fit any C¢ot fragment. The fact that large PAH* with very low
hydrogen content could not be detected, indicates that the loss of
hydrogen and the formation of most of the 5-rings takes place simul-
taneously in late stages before completion of the ball. A possible
mechanism along these lines might be the following: If two 6-rings at
the poles of Cso are removed, there remains a closed ribbon of 48 C
atoms that unwrapped has the structure

Jesaceaee

This would correspond to CisHis which is the main C4s ~PAH*.

It contains the structural elements of acenaphthylene and benzo-
[ghi]perylene which are quite common among the PAH. As the number

of 5-membered rings is relatively low for the size of the ring system
and they are condensed only with four 6-rings, there is no serious
ring tension. The molecule bends almost by itself towards closing of
the ribbon, see Fig. 8. Most of the C4s-PAH* will have flat
structures given in section 2, but a few percent might be ribbon-
shaped. Addition of two benzene molecules and a rapid stepwise forma-
tion of C-C bonds by an intramolecular condensation with simultaneous
splitting off of H2, while double bonds are regenerated, could
finally give Cso. This accumulates because of its chemical inert-
ness. The fact that fullerene concentration may be up to ten times
larger in benzene flames than in acetylene flames might be an indi-
cation that reactions with benzene are important steps. A similar
mechanism could be possible for C:o. However, there is still no
indication how the large fullerenes could be formed, other than
probably by heterogeneous reaction which involves very small soot
particles.

The authors thank the Deutsche Forschungsgemeinschaft and the Fonds
der Chemischen Industrie for financial support.
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FLUXES AND NET REACTION RATES OF
FIAME SPECIES PERTINENT TO FULLERENES
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Keywords: fullerenes, Cgg, flames
ABSTRACT

Signal intensities of 200+ amu material previously obtained by
molecular beam mass spectrametric (MBMS) probling of a low-pressure
premixed near-sooting benzene-oxygen flame were analyzed so as to
determine mole fractions, fluxes and net reaction rates for 50-amu
fractions of high molecular weight flame species. The results show
trends indicative of preferential accumilation of mass in the 700-750
amu fraction. The pertinence of these results to Buckminsterfullerene
(Cgo) Wwill be considered, and the cbserved concentrations will be

with literature values for Cgg ions in similar flames.

- Mechanistic implication of the presence of fullerenes in a non-sooting

flame will be discussed.
INTRODUCTION

Understanding the behavior of molecular weight growth products in
flames in the mass range of roughly 300 to 2000 am: has been limited by
the scarcity of data for these species. The concentration profiles of
chemical species in flames have been measured for campounds as large as
CieH1o (MW=202) by molecular beam/mass spectroscopic (MBMS) sampllng ,
and Cp4H), (MW=300) by gas chrumatography (GC)2 Homann and coworkers,
usxng MEMS with time-of-flight (TOF) mass spectrometry, have cbserved
in the above mass range both positively- and negatively—charged ions,
suspected to be fullerenes3/4 and their precursors®.

Bittner's MBMS data for a near-socting (equivalence ratio ¢=1.8)
benzene-oxygen-30% argon 20-torr flat flame also include high-mass
signal profiles for all species with masses greater than a given cutoff
value; t}uscutoffmasswasmtedbySOammthemngeofzoo
to 750 am, inclusive. Howard ard Bittner® analyzed these high mass
data for the near-sooting flame and similar data from a sooting (¢=2.0)
benzene flame, reaching tentative conclusions about the formation and
destruction of the high molecular weight material (HMWM) and about its
possible role in soot formation. Their analysis of the near-scoting
data also gave evidence of the develcpment of a bimodal distribution of
the masses of the HMM with increasing height above burner (HAB). The
earlier work was done without detailed flux and rate information, which
was later generated by Pope’, and with only an approximate treatment of
the diffusion of the HMWM.

In the present work, the high-mass signals of Bittner's near-
socting flame are analysed. The earlier amalysis of these data by

1541



Howard and Bittmer is extended by treating each 50-amu interval as an
individual species and by calaulating fluxes and net reaction rates for
each interval. Approaches used to overcame limitations of the earlier
work are discussed. Preliminary analysis of the results gives
information on the prevalence and behavior of soot precursors. The
results also give evidence consistent with the existence of Cg4p in a
non-sooting flame.

PORT PROPERTTES OF HIGH MOTECUIAR-WEIGHT MATERTAL

In flat flames, knowledge of the transport properties of the
individual species is essential in cbtaining kinetic information fram
concentration data. Flat flames can be described as one—dimensional
plug flow reactors with strong axial diffusion. Due to strong
diffusional effects, concentration profiles reflect both transport
processes and chemical reaction. Kinetics or rate information is
cbtained from individual species concentration data by application of
the one—dimensional flame equations of Fristrom and Westenberg®. The
concentration data (as a function of location) are’ combined with
diffusion equation to obtain molar fluxes of each species at each
location; the derivative of the molar flux with respect to distance
yields the net reaction rate of the individual species.

The mixture diffusion cocefficients used in the calaulation are
cbtained fram the binary diffusion coefficients using the relation of
Wilke®; binary diffusion coefficients are calculated from the Lennard-
Jones (12,6) potential. Since the mixture diffusion coefficients
deperd on the composition of the mixture, and since the camposition
changes dramatically in the region of interest, the calculation
requires concentraticn data for all flame species.

Treatment of the diffusion of the HMM required Iennard-Jones
parameters. Details of the approach will be published. The
correlations of Bird, Stewart, and Lightfootlo for the Lemmard-Jones
parameters as a function of critical temperature (Tc) and critical
pressure (Pc) were used. The technique of Forman and Thodos!! for
estimating critical properties fram molecular structures of
hydrocarbons gave values of T ard Po. From available data on the
molecular structures of flame species cbserved at the low end of the
range of the HMWM, reasonable assumptions were made concerning the
molecular structures of expected constitutents of the HMM. The HMWM
was assumed to consist of polycyclic aramatic hydrocarbons in the most
peri~condensed structures possible for a given carbon rumber. Peri-
cordensed PAH structures are the most closely packed arrangement of
aromatic rings. For the series of most peri-condensed molecules having
only six-membered rings, Lennard-Jones parameters were estimated, and
correlated with the molecular weight. Values of the correlated
Lennard-Jones parameters for the midpoints of the 50-am ranges
considered (e.g., at 375 amu for the 350-400 am range) were taken as
the Lennard-Jones parameters for that S0-amu range, each range being
treated as an individual flame species in the flux and net reaction
rate calaulations. In the course of the work, Lennard-Jones parameters
for fullerenes, and hence species containing both five- and six-
membered rings, were also estimated. Tt was found that replacing the
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above calculated transport parameters for the 700-750 amu range with
those predicted for Cgg resulted in only slight quantitative and no
qualitative changes in the results.

FLUX AND RATE CATCUTATION RESUITS

Mole fraction profiles for selected mass ranges are shown in Figure
1. The profiles exhibit behavior consistent with that of a chemical
intermediate; they are first created then destroyed. However, the
material heavier than 350 amu is not campletely destroyed in the flame
being studied. The calculated net reaction rates (Figure 2) also
reflect behavior typical of intermediate species, the profiles for each
S0~amu fraction having a regian of net production followed by cne of
net consumption. (The wiggles at the extremes of the rate profiles are
artifacts of the mmerical smoothing and differentiation techniquesl2.)

BEHAVIOR OF 700~750 AMU MATFRIAL

The results for the 700-750 amu material are different fram all the
other HMM profiles. The peak of the mole fraction profile is much
broader and occurs much farther downstream than is the case for any of
the other HWM ranges. The peak value of the mole fraction is also
larger than what would be expected from the observed tremd of
decreasing peak value with increasing molecular weight. The same
cbservations also hold for the molar flux profiles. These results are
also reflected in the net reaction rates calculated for the 700-750 am
material. The net production region is wider than that for any of the
other 50-am fractions and the peak is broader. The ratio of the peak
destructian rate to the peak production rate is also lower for the 700-
750 amu material than for the cother HMM.

The results for the 700~750 amu material show that there is a
larger amount of material than expected in this molecular weight range,
that it is produced over a larger region of the flame, and that it is
destroyed more slowly, leading to an accumilation of mass in this size
range. The results cannot be explained as the result of PAH
coagulation, or in terms of especially stable PAH, but could be
expained in terms of an especially stable species which would take
longer to form and be more stable than the other PAH species.

The rsults are consistent with the presence of Cgp in the near-
sooting flame. The stability of Cgp against attack by radicals has
been observed13, and in general, the relative abundance of Cgg compared
to other carbon clusters is increased under more severe reaction
conditions. Due to its stability, Cgg is likely to be destroyed more
slowly than the HMWM, consistent with the accumilation of mass in the
700~750 range. The special structure of Cgp would likely require more
time to be formed than would a flat PAH molecule of comparable size,
consistent with the delayed peaks in the 700-750 am profiles.

OOMPARTSON WITH OTHER OBSERVATIONS OF Cgq

ison of these results with those of Homann et al.3~> will be
published. Briefly, both studied employed the same type of benzene
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flames at the same pressure, but the species measured and the
equivalence ratio (¢) used in the two cases are different. Therefore
the camparison is samewhat camplicated and requires explanation. The
number concentration profile of 700-750 amu HMWM at ¢=1.8 fzun the
present study is camared with the mumber ccncentratlors of CGO at
¢=1.9 and Cgg~ at ¢=2.15 found by Homann et al.3™>. The HWM as
measured by Bittner! does not include ions. The ions of each species,
including Cgp, are expected to be in much lower concentration than the
neutrals. Also, the 700-750 amu HMAM would be expected to include
other species in addition to mass 720. For these reasons, the Cgot amd
Cgo  concentrations should be considerably less than that of the 700~
750 am: HMWM. On the other hard, the lower ¢ of the HMWM measurement
wauld be expected to give considerably lower concentrations than would
be cbserved at the higher ¢'s of the ion measurements. Considering
these opposing effects, the two sets of data are found to campare
favorably, with no cdbvicus inconsistencies.
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A SHOCK TUBE INVESTIGATION OF SOOT FORMATION FROM TOLUENE/METHANOL
MIXTURES. Alexiou, A. and Williams, A., Department of Fuel and Energy,
Leeds University, Leeds, LS2 9JT, UK, and Abdalla, A.Y., Helwan
University, Cairo, Egypt.

ABSTRACT

Soot formation in toluene and toluene/methanol/argon mixtures was studied behind
reflected shock waves using a laser beam attenuation technique. The experiments
were undertaken over the temperature range 1484 - 2232K, pressure range 1.69 -
2.77 bar and total carbon atom concentrations for the toluene alone in the range
2.7 x 107 - 1.1 x 1018 atoms/cm® (0.5 to 1.5 mol %) and for toluene/methanol
mixtures in the range 23 - 66 mol % methanol.

The results indicate that the soot yield decreases with an increase in methanol
concentration but the effect is not marked until the addition is greater than 50%

.methanol. The rates of soot formation from toluene and toluene/methanol mixtures

have been determined and exhibit an Arrhenius dependence which was expressed by a
correlation equation. The induction periods for soot formation were measured and
were found to increase with methanol addition although the maximum soot yields
were found to decrease.

INTRODUCT ION

Methanol is of considerable practical significance as an alternative fuel or as a
blend with petroleum for internal combustion engines. Earlier studies have shown
that methanol produces much less soot than typical hydrocarbon fuels but the
addition of aromatics greatly increases soot formation (1,2). In contrast, in
diesel engines, blends of diesel fuel o0il with methanol produce substantially
smaller amounts of soot. Surprisingly there has been little previous work on the
gas phase combustion of these mixtures and only the benzene-methanol system has
been.studied by shock-tube techniques (1). In diffusion flames the decreasing
fuel type is given by Glassman (3): aromatics > acetylene > olefins > paraffins >
alcohols. Since there is usually agreement in the behaviour in diffusion flames
and in shock tubes concerning soot tendency, we undertook a shock tube study to
evaluate the soot suppression effect. We confined our work to toluene and
toluene/methanol mixtures and we present in this paper data on the soot
suppression effect of methanol added to toluene mixtures, rather than the
alternative approach of adding aromatic fuels to enhance the radiation from
methanol flames. )

EXPERIMENTAL

The experiments were performed in reflected shock waves and details of the shock
tube facility have been previously published (4). The test gas mixtures were
prepared manometrically, ANALAR toluene and methanol were further purified by
repeated freezing and evacuation. The experimental conditions are summarised in
Table 1.

A laser technique was employed and the absorption of the beam at 632.8 nm was
used to measure the concentration of soot. Only toluene concentrations up to 1.5
mol % could be studied because of the high levels of absorption. The soot yields
were calculated according to Graham’s model (5).

csoot

Y = = [pr/72.1(.E(;).E.Cmal]zn[l(u)/l(t)] (1)
Ctotal
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where C_ . = concentration of the particulate carbon per unit volume, C, ., = the
total concentration of carbon atoms per unit volume, N = Avogadro’s number, p =
density of soot, A = wavelength of the measurement, I = intensity of radiation
which is function of time, t, Er, = imaginary part of the function (m?-1)/(m?+2),
m = the complex refractive index.

Since the soot yield is a function of the refractive index an accurate value is
necessary. Many workers, including our previous work, have used the value of Lee
and Tien (6) which at this wavelength would give a value of Eqy = 0.174. In the
present work we used the value of E~ = 0.253 based on the in Pame measurements
of Charalampopoulos and Chaung (7). If we had used the Lee and Tien data we
would have overestimated the total soot yield as previously observed by Frenklach
et al (10); indeed if data by some of the earlier researchers had been used the
position would have been worse.

EXPERIMENTAL RESULTS

The results obtained in the toluene pyrolysis experiments are shown in Fig. 1.
The amount of soot yield increased monotonically with the amount of toluene
pyrolysed. The maximum slope on the oscillogram was measured and defined as the
apparent rate of soot formation. The correlation equation of apparent rate of
toluene pyrolysis is shown in Fig. 2 for the different concentrations which are
given in Table 1. The RH on this figure stands for the fuel concentration term,
in this case toluene. The rates exhibited an Arrhenius dependence given by a
correlation equation:

Rygoe (MO1/ms) = 1.38 10° [CHg1!32 exp (-11,900/T) (2)

The activation energy which is valid up to 1950 K (1532 - 1950 K) is in agreement
with the values quoted by Simmons and Williams (9), namely 99 - 118 kJ/mol
depending on the value of the refractive index. The constant and the fuel
exponent have changed because of the improved accuracy of the present data. The
fu§] exponent is now consistent with the value of 1.48 reported by Wang et al
(8).

During the course of toluene/methanol pyrolysis mixtures an induction time was
observed before any absorption occurred.  This induction time was the time
between the reflected shock wave and the onset of soot formation. Figure 3 shows
the results for the induction times. As it can be seen the induction time
increased with the amount of methanol added to the toluene. The following
equation for calculating the soot induction time, t o Dased on a 5% rise in
signal was obtained.

oo = 5.448 1075 [total fuel]'-%2 exp (-16,644/T) (3)

where [total fuel] = [CHy + CH,0H]. The soot yield decreased monotonically with
the increase of the amount of methanol added to toluene as shown in Fig. 4.

The apparent rate of toluene/methanol pyrolysis are measured in the same way as
toluene and could be expressed as follows:

Ropor (mol/m’s) = 1.9 10% [total fuel] %412 exp (- 15,300/T) (4)
which is valid in a temperature range 1580 - 1950 K.

Fig. 5 shows the correlation equation of the apparent rate of soot formation of
toluene methanol mixtures at different concentrations (Table 1).

We attempted to obtain a correlation equation incorporating both [C,Hg] and
[CH,0H] terms, but we had great difficulty in separating the terms in an equation
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of, for example, the form R C, [C,Hg1® exp (-E,/RT) - [CH, OH1® exp

E,/RT). Even though the correﬁat1on which® we obta1ne& is not 1ée it can be
useé to express the rates and by comparing equations (2} and (4) conc]us1ons
could be made about the role of added methanol. The experimental determined
exponent of the fuel term indicates that an increase of methanol concentration
will decrease the apparent rate of soot formation. In addition there are
differences in the activation energies and in the pre-exponential factor which
are very significant.

DISCUSSION

In the early work by Graham (5) the extent of conversion of initial carbon in the
fuel to soot was determined at 2.5 ms. Based on this observation time the soot
yield fell rapidly with increasing temperature from 100% at =1800 K to less than
5% at 2300 K. He developed his well-known scheme which involved condensation
reactions at around 1000 to 1800 K and fragmentation reaction above that
temperature. Later Frenklach (10) demonstrated that the soot yield is not
universal, but is dependent on experimental controllable variables such as
observation time, total pressure and laser wave-lengths. He postulated another
model for soot formation included polymerisation and fragmentation reactions.

In our work we measure the maximum conversion of the fuel to soot irrespective of

. the time. As is shown in Fig. 1, the maximum yield occirs at - 1900 K above

which fragmentation takes place resulting in a reduction in soot yield. Based on
this observation we do agree with Frenklach (10) that the soot yield maximum is
not universal and the condensation, fragmentation reactions take place according
to experimental conditions.

The unimolecular decomposition of methanol at high temperature is considered to
involve two reactions (11).

"CHyOH + M —> CH, + OH + M (i)
CHOH + M —> CH, OH + H + M (i1)

A computer model for toluene/methanol pyrolysis has been developed in which the
initiation reactions (i) and (ii) of methanol together with the low activation
energy reactions of H and CH, with CH,OH has been used in order to evaluate the
reduction of the soot y1eﬁ Pre11m1nary results at about 1900 K not
surprisingly demonstrate the 1mportance and the rapid formation of OH and the
products H,0 and CO increasingly as methanol 1is added to toluene. These
reactions are also responsible for the increased soot induction period.
Therefore it seems that the presence of OH radicals when methanol is added to
toluene Tleads to the behaviouy observed experimentally. These results are
consistent with the role of OH as an oxidant in carbon-forming flames (12).

More recently, Frenklach (1), in his work on alcohol addition, explained that the
reduction is also due to hydrogen atom scavenging. Alcohols undergo the H-
abstraction reactions which results in the reduction in the superequilibrium of H
atoms. In toluene pyrolysis the overshoot of hydrogen atoms beyond their
equilibrium concentration is responsible for the propagation of the ring growth
process. Our work is consistent with this since we demonstrate this soot
reducﬁion]and this effect is not marked until the addition is greater than 50 mol
% methanol.

Finally it should be noted that these results are consistent with the behaviour
of methanol in fuel blends for gasoline eng1nes In the case of diesel engines
the marked reduction in soot yields cannot arise from gas phase reactions alone
and must arise from some physical change such as selective droplet evaporation or
disruptive burning.
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CONCLUSIONS

The results of the present study show that methanol acts as a suppressing agent
for soot formation. However this reduction is only achieved when the presence of
methanol exceeds more than 50% in the total fuel mixture to be pyrolysed.
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FORMATION OF VOLATILE PRECURSORS OF NO,
IN THE RAPID PYROLYSIS OF NITROGEN-CONTAINING HETEROAROMATICS

J. C. Mackie and A. Doughty
Department of Physical and Theoretical Chemistry
University of Sydney
NSW 2006, Australia

Keywords: pyrolysis, NO, precursors, heteroaromatics

INTRODUCTION

Identification of the reaction pathways whereby fuel-bound nitrogen evolves as NO_ in the
combustion of low rank fuels has attracted considerable recent attention. As models for the evolution
of NO, from coal combustion, compounds containing the six-membered heteroaromatic pyridine ring
and the five-membered pyrrole ring are being investigated. Recently, we have studied the kinetics
of pyrolysis of pyridine' by single pulse shock tube techniques and developed a detailed kinetic
reaction mechanism to model the observed products of decomposition. Pyridine was found to
decompose principally via a hydrogen chain mechanism involving abstraction of the ring hydrogen
ortho to the nitrogen atom, followed by ring scission of the o-pyridyl radical to an open—chain
radical which could eliminate acetylene and form the HC=CH-CN radical which may eliminate H
and form cyanoacetylene or produce acrylonitrile via an abstraction route. HCN was found to be
largely a secondary product of pyrolysis of these organic nitriles and also of acetonitrile.

More recently, our investigations of the kinetics of pyrolysis of pymole’ have shown that the five—
membered heterocycle decomposes very differently from the six-membered heteroaromatic.
Isomerization followed by ring opening to the open—chain C;H,CN isomers of pyrrole predominates
the mechanism. Our interpretation of the kinetics has assumed that the decomposition is initiated by

the reversible tautomeric reaction
/ \> N —\ H
N A =NASH

H

to form the 2—H pyrrole (pyrrolenine) with subsequent rupture of the weaker C2-N bond in the 2-H
tautomer. It has been shown> that only through secondary decomposition of the C;H,CN products
(principally cis- and trans- crotononitrile and allyl cyanide) are the NO, precursors including HCN
produced. Thus, an understanding of the pathways of NO, formation from pyrrole rings requires a
knowledge of the thermal decomposition kinetics of the C;H,CN isomers of pyrrole. This is
considered in one part of this paper.

In heavy fuels heteroatoms are often found in condensed ring environments and in substituted rings
rather than in the simple unsubstituted five- and six-membered rings. Evolution of NO, precursors
might well depend upon the degree of heteratomic ring substitution or condensation. The present
work therefore involves, in part, a study of the simplest ring substituted heteroaromatie, 2—picoline
(2-methylpyridine), the heteroaromatic analogue of toluene, whose stabilized radical, benzyl plays
an important role in aromatic hydrocarbon pyrolyses and oxidations. Its heteroaromatic radical
analogue, 2-picolyl might also be expected to be a key radical in heteroaromatic oxidations.
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EXPERIMENTAL

Kinetics of pyrolysis of the nitrogen~containing products (cis- and trans—-crotononitrile, allyl cyanide
and 2-picoline) have been studied dilute in argon (0.1-0.4 mol%) in a single~pulse shock tube
(SPST) over the temperature range 1100 to 1700 K, at pressures from 17-23 atm and at uniform
residence times behind the reflected shock front of 600-800 ps. Analyses of products and remaining
reactant have been made by capillary column GC. Product identifications have been made, where
possible by comparison of retention times with standard samples, after initial identification by GC/MS
and, in some cases, by FTIR spectrometry. The shock tube is equipped with pairs of UV-
transmitting sapphire windows adjacent to the endwall. The absorption spectra of 2-picoline vapour
and its products of decomposition have been measured over the wavelength range of 250-350 nm
at a distance of 35 mm from the endwall with a detection system of time constant <5 ps. Details
of the shock tube and ancillary analytical system are presented in our earlier publications.*?
Samples of each compound studied were purchased from Aldrich of 98-99% purity and were further
purified by several bulb—to-bulb distillations to greater than 99.8% (by GC) in all cases. Pressures
and temperatures behind the reflected shock were computed from measurements both of incident and
reflected shock velocities.

RESULTS AND DISCUSSION

Figures 1(a)-(d) illustrate the temperature profiles of all products of significance for both allylcyanide
and crotononitrile pyrolysis. The same set of products was observed irrespective of whether the
initial reactant was allyl cyanide or crotononitrile, with only the relative yiclds of the products
changing with starting isomer. HCN, acetylene, acetonitrile and acrylonitrile were all observed at
very low extents of decomposition, and remained the major products at high extents of
decomposition. Minor nitrogen~containing products were ethyl cyanide, cyanoacetylene, and
cyanopropyne/cyanoallene. Methane was also present in significant concentrations, along with
smaller quantities of ethylene, propene and propyne. Traces of the following compounds could also
be detected: cis- and trans— 1-cyano(1,3-)butadiene, benzonitrile, pyridine, diacetylene, 1,3-
butadiene, 1-butene, benzene and toluene. The major difference in product distributions between the
reactants crotononitrile and allylcyanide was that allylcyanide yiclded significantly higher proportions
of HCN, acetonitrile, acetylene and ethylene. C, hydrocarbons were also generated in higher
concentrations for allyl cyanide when compared with crotononitrile. No dependence of the rate of
decomposition of the reactant on initial concentration was observed.

The product distribution observed in the pyrolysis of the butenenitriles can best be described in terms
of a free radical mechanism. The observation of a mixture of C,H;CN isomers in the product mixture
shows that isomerization of the starting isomers occurs simultaneously with decomposition. Although
there are considerable uncertainties in the thermochemistry of some of the nitrogen-containing
radicals produced, it would appear that the most likely initiation reaction for the free radical
mechanism would occur through single C-C bond fission. For crotononitrile, C,~C, bond fission
[reaction (1)] would be expected to take place whereas with allyl cyanide C,-C, fission (2) would
be most favourable.

CH,CHCHCN — CH, + HC=CHCN 1))
H,C=CHCH,CN —» H,C=CH + CH,CN ®

Although initiation through C~H bond fission is possible, the significantly higher C-H bond energy
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would make this only a minor initiation pathway. Thermochemical parameters for radicals and other
species of importance in this study arc given in Table 1. In the Table certain of the heats of
formation have been obtained from kinetic modeling of pyrolysis kinctics. Entropies and heat
capacities have been obtained by approximate Third Law calculations.

Formation of the major products, acetylenc and acetonitrile, can be modeled by means of a simple
abstraction chain mechanism in which the abstacting radical is CH,CN. See Figure 2. A major
intermediate in this mechanism would appear to be the cyanoally! radical, C;H,CN. Analogous with
allyl itself, we would expect this radical to possess resonance stability. Fission of a C~C bond in
this radical would seem less likely than rearrangement to a less stable radical whose bond fission
leads to C,H, and to regeneration of CH,CN. Both vinyl and its cyano- analogue, cyanovinyl
(HC=CHCN), should readily undergo unimolecular C-H fission, on the one hand to acetylene, on
the other, to produce the observed cyanoacetylene. Hydrogen atom addition, either to the double
bond of C;H,CN to to the nitrile group can produce another set of observed products, including the
major products acrylonitrile and HCN. (See Figures 3 and 4). A detailed kinetic model comprising
107 reactions which include both abstractions and H additions as well as isomerization reactions of
the C,H,CN isomers, has been used to satisfactorily model the major and minor products of the
pyrolyses of crotononitrile and allyl cyanide Examples of the comparison between model
predictions and experiment are given for some major products in Figure 5.

Purolysis of 2-picali

2-Picoline may be considered to be the nitrogen heteroaromatic analogue of toluene. Behind

reflected shock waves at residence times of about 800 ps and 20 atm, 2—picoline begins to dissociate
at about 1250 K. Principal products of decomposition are HCN and C,H, although cyanoacetylene,

acrylonitrile and acetonitrile are significant nitrogen containing products. 2-Ethylpyridine and
pyridine, especially at lower tempertures, are also observed. By analogy with toluene, we would
expect the pyrolysis to be dominated by reactions of the 2-picolyl radical, the analogue of benzyl.
Troe et al*® have made an extensive investigation of the electronic absorption spectra of benzyl and
benzyl decomposition fragments in both thermal and laser decomposition of toluene and side-chain
substituted derivatives. They found that the spectral region around 300 nm in shock heated toluene
is dominated by benzyl radical and benzyl products spectra.

Similarly we find the the absorption spectrum between 300-340 nm of shock heated 2-picoline is
dominated by absorbing species which show strikingly similar temporal behaviour to those reported
by Troe et al*®. Figure 6 gives an example of the spectrum of decomposing 2-picoline vapour
(0.2%) in argon at a temperature of 1634 K. Note the rapid rise in absorption to an initial steady
state, followed by a longer time steady rise in absorption. The absorption is most probably the
consequence of at least two absorbers, the first a species which undergoes rapid equilibration
followed by slower decomposition to a more stable product or products. Similar observations in
toluene decomposition have by attributed by Troe et al®® to the initial formation of benzy! radicals
which equilibrate rapidly owing to an unexpectedly high value of the rate constant for recombination

PhCH, + H — PhCH, -3

Slower decomposition was attributed to homogeneous recombination of benzyl radicals to produce
dibenzy! which eventually underwent successive H fissions to the highly absorbing molecule, stilbene.

It is therefore tempting in our 2-picoline studies to assign the initial absorber of 330 nm radiation
to the 2-picolyl radical, which, like benzyl, must also undergo rapid recombination with H atoms.
The slower increase in absorption would therefore be associated with 2—picolyl reaction products
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which are sufficiently conjugated to absorb strongly around 330 nm. It would seem that such
chromophores are not very volatile since no absorption around 330 nm can be detected in the
absorption spectra of the products when cooled to room temperature.

More work is required to establish that the initial carrier of 330 nm radiation is the 2-picolyl radical
in the pyrolysis of 2-picoline. If, tentatively, we assume that the pyrolysis of 2-picoline is initiated
by H atom fission to form 2-picolyl (reaction 3) then the value given in Table 1 for the heat of
formation of this radical is in accord with our experiments. Values for the entropy and heat capacity
of this radical have been obtained by a Third Law calculation in which vibrational frequencies of the
radical have been estimated from those of toluene, benzyl and 2~picoline™ and moments of inertia
calculated from an estimated geometry.
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Table 1. Thermochemical data for nitrogen-containing compounds

Species AH, Si30 C, cal/K/mol Ref.
kcal/mol cal/K
Jmol 300 500 1000 1500 2000

CH,CN 59.0 59.8 123 155 202 226 293 8
HC=CHCN 979 672 159 198 253 278 293 PW
H,C=CHCHCN 770 73.0 191 280 392 436 461 PW
(cyanoallyl)-

HC=CHCH,CN 91.6° 80.3 211 280 392 427 454 PW
H,CCH=CHCN 85.0° 76.5 223 321 455 510 544 PW
H,CCH=CHCH=N 806 76.5 223 321 455 510 544 PW
Py 81.7° 72.6 180 289 428 485 511 1
PyCH, 65° 78.1 254 389 564 638 615 PW

“ortho~pyridyl radical °ortho-picolyl radical PW: present work
"Value derived from kinetic modeling.
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INTRODUCTION

This article discusses the FP- or LP-ST technique. The modeling
of the oxidation of Hy will be specifically featured. The reactions
that pertain to this oxidative system and that have been studied by
either the FP- or LP-ST technique, will be reviewed. These include,

H+ O = OH + O, (1)
O+ Hy = OH + H, (2)
H + H;0 = Hp + OH, (3)
O + HO0 = OH + OH, (4)
H+ Oz +M — HO2 + M, (5)
and their deuterated modifications. Both forward and reverse

processes will be included in the discussion since, in all cases, the
exising data indicate that the reactions are microscopically
reversible, Hence, data evaluations can be made over very large
temperature ranges. .

EXPERIMENTAL

The FP-ST technique was first suggested by Burns and Hornigl and was
followed by some OH-radical reaction studies by Zellner and
coworkers.? The technique has recently been extended with the atomic
resonance absorption spectroscopic (ARAS) method of detection.3 This
extension naturally follows from the earlier work.1:2 A 1less
ambiguous experiment is now possible since spectroscopic absorption
by atomic species 1is stronger than by diatomic or polyatomic
radicals, and thus, smaller concentrations can be detected thereby
eliminating complications from secondary reactions. This development
has allowed absolute bimolecular rate constants to be directly
studied over a large T-range, ~650 to 2500 K.

The shock tube methods that are used in FP- or LP-ST studies are
traditional.4 A schematic diagram of a recently constructed
apparatus® is shown in Fig. 1. The technique has been described
previously,5:6:7 and therefore, only a brief description will be given
here. The method utilizes the double heating effect that can be
obtained by reflected shock wave methods. The nearly stagnant gas in
the reflected shock wave regime is subjected to either flash or laser
photolyis thereby producing an atomic species in the central hot gas
region. The time dependence of the atomic species is then radially
monitored as it reacts with an added reactant molecule. It is
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necessary to have a source molecule present which, on photolysis,
gives the atomic species of interest.

If the transmittance for any atomic absorption experiment can be held
above ~0.8, then Beer's law will hold to a good approximation if the
line is not too highly reversed. In FP- and LP-ST experiments with
unreversed or only partially reversed resonance lamps, it is
therefore only necessary to measure the temporal behavior of

absorbance, (BBS), where (ABS) = -1n(I/Iy). Since Beer's law holds,

the atom concentration, [A], is equal to (ABS)/0al. In all cases, the
reactant concentration is very much larger than that of the atom, and
therefore, the decay of A will obey pseudo-first-order kinetics.
Since [A] is proportional to (ABS), it is only necessary to measure
the temporal behavior of absorbance, (ABS):, 1in a kinetics
experiment. The rate of depletion of the atomic species is the
product of the thermal rate constant times the concentrations of the
reactant and the depleting atomic concentration. After integration,
a plot of 1ln(ABS),; against time will yield a decay constant that is
equal to the product of the thermal rate constant times the reactant
concentration. Fig, 2 shows a typical plot of an experiment. The
top panel shows an actual raw data signal and the bottom panel shows
the first-order plot derived from the top panel. The negative slope
of the plot gives the decay constant which, on division by the
reactant concentration, gives a measurement of the thermal rate
constant at the conditions of the experiment as determined from the
initial pressure, temperature, and the shock strength,

RESULTS

H+ Op — OH + O and D + O2 — OD + 0: The first published LP-ST
paper® showed that the photolysis of H0 at 193 nm yields both H-
atoms and OH-radicals at high temperatures. 1In recent LP-ST
experiments, 9 H20 photolyte was used at T21085 K. With the higher
fluences from excimer laser photolysis, experiments could be
performed with less Hy0 being present than in an earlier FP-ST study
that used the same technique of detection.l® This has allowed
experiments to be performed at substantially higher T, up to 2278 K.
Fig. 2 shows a typical experiment. Data with both H20 and NHj3 as
photolyte molecules have yielded the Arrhenius result,

k1=(1.15 £ 0.16) x 10710 exp(-6917 * 193 K/T) cm? molecule~l 571, (6)

for 1103<T<2055 K. Similar results for reaction (1D} with D20 as
photolyte give the Arrhenius result,

kx1p=(1.09 * 0.20) x 10710 exp(-6937 + 247 K/T) cm3 molecule~l s-1, (7)
for 1085<T<2278 K. The reverse rate constants can be determined from
JANAF equilibrium values,!l and rate constants for forward and

reverse processes are listed in Table I.

O + Hb - OH + H and O + D2 - OD + H: FP-ST experiments with NO
as the O-atom source have been carried out on both the H212 and D5
reactions. The results for O + Hz can be described by the Arrhenius
_equation,

k2=(3.10 % 0.20) x 10-10 exp(-6854 * 84 K/T) cm3 molecule~! s-1, (8)
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for 880<T<2495 K. O + Dz can similarly be described by,

k2p=(3.22 % 0.25) x 10710 exp(-7293 + 98 K/T) cm3 molecule-l s-1, (9)

for 825<T<2487 K. Earlier shock tube determinations are in reasonable
agreement with these direct results. There are also a number of lower
temperature determinations for kp12-16 and kpp.l14-18 The most reliable
low T data are those of Sutherland et al.,l2 Westenberg and
deHaas, 13/17 presser and Gordon,16 and 2hu et al.l8 These data have
been combined with the FP-ST data to give three parameter expressions
that can be used over the entire experimental temperature range.

k2=8.44 x 10720 T2.67 gxp(-3167 K/T) cm3 molecule~! s-1, (10)

for 297<T<2495 K,12 and,
k2p=2.43 x 10716 T1.70 exp(-4911 K/T) cm3 molecule-l s-1, (11)

for 343<T<2487 K.S Egs. (10) and (11) agree within a few percent
with all studies except that of Marshall and Fontijn.l5 Rate
constants for the reverse reactions can be calculated from JANAF
equilbrium constant values,ll and the values for both forward and
reverse rate constants are compiled in Table I.

H + H0 — Hz + OH and D + D20 — D2 + OD: There are only two
direct studies of reaction (3), one being with the FP-ST19 and the
other being with the LP-ST8 techniques. The results from these two
studies are given in Arrhenius form as,

k3=(4.58 £ 0.61) x 10~10 exp(-11558 + 243 K/T) cm3 molecule~l s-1, (12)

for 1245<T<€2297 K, and,
k3=(3.99 % 0.42) x 10710 exp(~-10750 * 500 K/T) cm3 molecule~l s-1, (13)

for 1600<T<2500 K, respectively. These two equations agree within
combined error limits over the range of T'overlap. At high T, there
is only one direct FP-ST study?® of reaction (3D). These results are
described for 1285<T<2261 K by the Arrhenius expression.

k3p=(2.90 + 0.73) x 10710 exp(-10815 + 356 K/T) cm3 molecule~l s-1(14)

There are numerous earlier studies?l-25 of reaction (-3) with four
being particularly notable.21,23-25 JANAF equilibrium constantsll have
been used to transform these reverse rate constant data2® to those
for the forward process, and an evaluation has been carried out for
250ST<2581 K. A three parameter expression describes the results. [

k3 = 1.56 x 10715 T1.52 exp(-9249 K/T) cm3 molecule™l s71, (15)
since the data are not as extensive, an extended expression for kjp
cannot be evaluated; however, values for the back reaction (-3D) can

be derived from JANAF values.ll This expression and the other
derived expressions are given in Table I.
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O + H0 —- OH + OH and theory for O + D20 — OD + OD: There
are three direct studies of reaction (4)26-28 for the T-ranges, 1053-
2033 K,26 1500-2500 K,27 and 753-1045 K,28 respectively. The FPB-ST
results from Sutherland, et al.2® can be represented by the Arrhenius
equation,

k4q=1.10 x 10710 exp(-9929 K/T) cm3 molecule-l s-1, (16)
for 1288<T<2033 K. The results from Lifshitz and Michael?? are,
kq=(1.12 * 0.20) x 10710 exp(-9115 * 304 K/T) cm3 molecule~! s71, (17)

for 1500<T7<2500 K. The activation energies are different with the
latter being lower than the former by ~10%. Evenso, the agreement
between the two studies is good with eq. (16) being ~30-40% lower
that that of eg. (17). The spread in the data from each study is
~+15-20%, and the two sets overlap over the common T-range.
Sutherland, et al.26 have also carried out Flash Photolysis-Resonance
Fluorescence (FP-RF) studies at lower T, 1053 to 1123 K, and these
data are the most accurate to date for reaction (4). There are
numerous experimental studies of the back reaction (-4).22b,2% These
data have been combined with that from the two FP~ST studies through
the JANAF equilibrium constants!l, and a comparison between the
combined database for reactions (4) and (-4) with theoretical
calculations has been made.’ The theoretical result,

kqth = 7.48 x 10720 T12.70 exp(-7323 K/T) cm3 molecule™l s71, (18)

agrees with experiment within experimental error over the T-range,
700-2500 K. There are no data for the O + D20 reaction. Therefore,
a theoretical estimate that is consistent with the successful
protonated case, eg. (18),7 can be used as a starting point in
experiment design and/or in chemical modeling experiments for the
D2/02 system. The calculated result for 700<T<2500 K is,

kgpth = 2.05 x 10719 T2.56 exp(-8286 K/T) cm3 molecule~! s~1. (19)

These expressions and the transformed reverse rate constant values
are listed in Table I.

H + 02 + M - HO2 + M: FP-ST results have been obtained for this
reaction.l® The third-order rate constant has been determined for
746<T<987 K to be ks=(7.1 # 1.9) x 10733 cm® molecule™? s-! with Ar as
the heat bath gas.® The Baulch et al.39 recommendation is,

ku+02+4ar = 4.1 x 10733 exp (+500 K/T) cm® molecule™2 s~1. (20)
A recent flow tube study3! for 298<T<639 K in He gives,

Kn+o2+4He = (4.0 £ 1.2) x 10733 exp(+560 K/T) cmf molecule 2 s~1.(21)
Since He and Ar have about the same effective collision efficiency,
the FP-ST result can be compared to both egs. (20) and (21). At the
mean temperature, T = 850 K, egs. (20) and (21) give respective
values of 7.4 x 10-33 and 7.7 x 10733 to be compared to the FP-ST

result of 7.1 x 10~33 cm® molecule~2 s~1, These results combine to
give excellent agreement for the recombination reaction over the
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temperature range, 300 to ~1000 K. Since the Hsu et al.31 result is
the most direct to date, it is listed in Table I. Similar experiments
for D + 02 + M have not been reported, but eq. (21) can be used in
D2/02 modeling calculations as a first estimate.

CONCLUSION

The most important rate constants in the branching chain oxidations
of Hy and D2 have now been measured by the direct flash and/or laser
photolysis-shock (FP- or LP-ST) tube technique. The only exceptions
are the O + D20 and D + Oz + M reactions. There are of course several
other reactions of secondary importance that must be included in
complete oxidation mechanisms, and these have been considered in most
earlier studies. The importance of these reactions increases as the
extent of reaction increases, and, in the large conversion Hz/0;
studies where OH-radicals are observed throughout the entire course
of the reaction, the relative effects of these secondary reactions
are greater than in the small conversion studies where the initial
stages of the reaction are only monitored. However, even in the high
conversion studies, the five reactions considered here and their
reverses, always exhibit higher sensitivity than all other reactions
in sensitivity analysis calculations. It can therefore be concluded
with these new direct FP- and LP-ST data that the main features of
the oxidation mechanisms are now substantially solved.

The evaluated rate constants are given in Table I along with comments
regarding accuracy and the T-range of applicability. . We recommend
that these rate constants be used as initial starting values in
oxidation studies. To be sure, the rate constants are known only
within certain error limits, and therefore, any adjustments within
these error limits are certainly allowed. However, if a particular
observation implies the use of rate constants that are substantially
outside the bounds set by these direct studies, then an inconsistency
exists. In this event, new explanations must be found, and this may
imply modifications in the reaction rate constants for initiation
and/or perhaps in secondary chemical processes.
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Table I: Recommended k = A T? exp(-B/T) expressions for the Hy/O» and

D3/02 Reactions from the FP- or LP-ST Studies.

Reaction A/cm3 molecule-!s! n B/K Comments and Reference

Protonated reactions:

H+ 0 1.15¢-10)2 0 -6917 1100 - 2050K, +27%°9

OH+O 8.75(-12) 0 1121 1100 - 2050K, +27%911

O+H; 8.44(-20) 2.67 -3167 297 - 2495K, £30%12

OH+H 3.78(-20) 2.67 22226 297 - 2495K, #30%11,12

H+ HZO 1.56(-15) 1.52 9249 250 - 2297K, ~425%11,25

OH + Hy 3.56(-16) 1.52 <7513 250 - 2581K, ~+25%25

O+ Hy0 7.48(-20) 270 - -7323 700 - 2500K, ~+50%, theory?

OH + OH 7.19¢-21) 2.70 1251 700 - 2500K, ~+50%, theory?

H+02+M 4,0(-33)b 0 560 298 - ~1000K, ~+30%31

Deuterated reactions:

D+0Oy 1.09¢-10) 0 -6937 1050<T<2300K, +27%°

OoD+0 9.73(-12) 0 526 1050<T<2300K, +27%9-11
0O+Dy 2.43(-16) 1.70 44911  343<T<2487K, +16%3
OD+D 1.04(-16) 1.70 23806  343<T<2487K, +16%511

D +D0 2.90(-10) 0 -10815 1285<T<2261K, +27%20

OD+Dy 6.56(-11) 0 -3320 1285<T<2261K, +27%11.20

0+D0 2.05(-19) 2.56 -8286  >700 K, theory?

OD +0D 1.85(-20) © 256 452 >700 K, theory?

aparentheses denotes the power of ten; i.e., 1.15 x 10-10. bynits are cm® molecule-2 s-1.
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Fig. 1: Schematic diagram of the apparatus. P - rotary punip. D - oil diffusion pump.
CT - liquid nitrogen baffle. GV - gate valve. G - bourdon gauge. B - breaker.
DP - diaphragm. T - pressure transducers. M - microwave power supply.
F - atomic filter. RL - resonance lamp. A - gas and crystal window filter.
PM - photomultiplier. DS - digital oscilloscope. MP - master pulse generator.
TR - migger pulse. DF - differentiator. AD - delayed pulse generator. LT - lascr
trigger. XL - excimer laser.
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Fig. 2: Top: H-atom transmittance as a function of time after laser photolysis in the reflected
shock wave region. Bottom: First-order plot of In[ABS], against time that is obtained
from the top record.
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PHOTOIONIZATION MASS SPECTROMETRIC STUDIES OF THE COMBUSTION
INTERMEDIATES CH20H AND CH30"

B. Ruscic and J. Berkowitz
Chemistry Division
Argonne National Laboratory
Argonne, IL 60439

I. INTRODUCTION

The radical species CH30 and CH;)OH are believed to play important roles as intermediates in the
combustion of hydrocarbon fuels.):2 Recently, absorption spectra in the visible-UV have been
observed for both species,3-10 primarily using laser methods. Accurate experimental vibrational
frequencies are known for both species, and a rotational analysis (and hence geometric structure) is
known for CH30. Despite this intensive study, the heats of formation of these species are still
somewhat uncertain,

Cruickshank and Benson!! studied the iodination reaction
CH30H + — CH0H +HI,

and obtained an endothermicity of 24.611.5 kcal/mol. Utilizing this value, Golden and Benson!2
compute AH®¢,., (CHpOH) = -4.2£1.5 kcal/mol. However, Golden and Benson also cite Buckley and
Whittle,!3 who studied the corresponding bromination reaction, and inferred an endothermicity of
<4.2 kcal/mol. From this latter observation, one can deduce AH®,,, (CH20H) < -8.3 kcal/mol. In
order to give some weight to the bromination data, Golden and Benson!2 chose AH®;,_, (CH20H) =
-6.242.5 kcal/mol. The compilation of Glushko et al.!4 selects AH°,, (CH20H) = -4.8%2.4 kcal/mol
as the middle range of several experiments, three of which are based on an incorrect ionization
potential of CH20H (vide infra).

For AH®; (CH30), most recent papers cite the experiments of Batt and co-workers.153-17 Batt and
Milne!6 determined the bond energy of CH30-NO by kinetic measurements (assumin g no reverse
activation energy) to be 41.8 kcal/mol. Using AH°¢,,, (CH3ONO) = -16.0 kcal/mol from Silverwood
and Thomas,'® they obtained AH®;,,, (CH30) = 4.240.7 kcal/mol. Subsequently, Batt and
McCulloch!7 obtained AH°If” (CH30J = 3.840.2 kcal/mol from the kinetics of dimethyl peroxide
pyrolysis. Glushko, et al., 4 surprisingly not citing Batt and co-workers, arrive at 3.111 kcal/mol
from an examination of other sources.

At this point, it is convenient to introduce some ab initio calculations which have focused on the
difference in stabilities of CHoOH and CH30. Sacbo et al.!9 show that CH3O is 4.1 kcal/mol more
stable than CH20H at the Hartree-Fock level (6-31 G** basis sets). However, when electron
correlation is included, CH2OH becomes more stable. At the MP3/6-31 G** level, and including zero
point energies, CH2OH is 5.0 kcal/mol more stable than CH3O. At this level, the barrier to
isomerization (CH30 — CH,0OH) is found to be 36.0 kcal/mol. Later, Colwell<0 obtained an almost
identical result - CHYOH more stable by 5.86 kcal/mol, and a barrier height of 37.29 kcal/mol - using
CI (singles and doubles) with a Davidson correction and a double zeta plus polarization basis set.
However, in the recent calculation by Curtiss et al.2! at the G2 level (more correlation) CHOH is
found to be 8.8 kcal/mol more stable than CH30. Our prior analysis of experimental data would lead
to a difference of (8.4 - 10.4) £ 2 kcal/mol. A previous experimental estimate of this quantity by Batt
et al.22 arrived at 7.5 kcal/mol.

The adiabatic ionization potential (I.P.} of a molecular species is the difference between the heats of
formation of that species and the corresponding cation. Hence, if the heat of formation of the desired

* Work supported by the U.S. Depariment of Energy, Office of Basic Energy Sciences, Division of Chemical Sciences,
under Contnract W-31-109-ENG-38.
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cation is well known, and its adiabatic L.P. can be obtained, it offers an altenative route to the heat of
formation of the neutral species. It turns out that AH°; (CH2OH*) is rather well known from
photoionization measurements23 of the appearance potential of CH;OH* from CH30H and C;H50H.
These measurements yield AH°, (CHOH*) 2172.0+ 0.7 and < 171.7 kcal/mol, respectively. The
adiabatic ionization potential of CH2OH has been obtained in a photoelectron spectroscopic study by
Dyke and co-workers,24 who obtained LP. (CH20H) = 7.56 £ 0.01 eV. We shall re-examine this
result in the experiments to be described below. Combining AH°; (CH20H*) and 1.P. (CH0H), we
obtain AH®%;, (CH20H) < -2.3 + 0.7 kcal/mol, or AH°,,, (CH20H) < -39 +0.7 kcal/mol.

In the case of CH30, the heat of formation of its cation is very much in question. Dyke?S reports 7.37
1 0.03 eV as the adiabatic LP. of CH30. Taking AH°; (CH30) =~ 4.0 £ 1 kcal/mol (vide supra), we
infer AH°¢ (CH30%) = 174 kcal/mol. (We i§nore for the moment the distinction between AH®¢ and
AHC,,). By contrast, Burgers and Holmes26 deduced AH°; (CH30+) = 247 + 5 kcal/mol from a
somewhat complicated argument. First, they showed that the "CH30*" ions previously believed to be
produced by dissociative ionization of CH30ONO and (CH3)20 were really CH2OH*, and
consequently earlier (lower) heats of formation of CH30* based on these measurements were invalid.
They then prepared CH30* by charge reversal (starting with CH30"). Upon measuring the metastable
peak from the unimolecular decomposition process

CD30+ - DOO* + D2,

they found that it had the same shape (i.e., the same kinetic energy release) as that from CD3;0D* —
[D2COD*] — DCO + Dj;. Consequently, they argued that the transition state for formation of the
DCO* metastable was the same, whether starting from CD30* or DCOD*, and that this transition
state was "at or close above the enthalpy of formation of CD3O*." They measured the appearance
potential of the metastable DCO* peak from CD30D (15.1 £ 0.2 eV) which, together with literature
values for AH®; (CD30D) and AH®; (H), leads to a heat of formation of the transition state of 247 + 5
kcal/mol. More recently, Ferguson, et al.27 made an estimate of AH®; (CH30*) which provided some
support for the value deduced by Burgers and Holmes. The argument is again somewhat involved,
but they infer AH°; (CH30%) = 245 + 6 kcal/mol.

If AH°; (CH30) is ~4 kcal/mol, then these latter inferences regarding AH°; (CH30*) imply L.P.
(CH30) = 10.5 eV, very different from Dyke's 7.37 £ 0.03 eV. The major purpose of the current
research was to resolve this huge discrepancy.

II. EXPERIMENTAL ARRANGEMENT

The experimental apparatus is a vacuum ultraviolet (VU V) photoionization mass spectrometer. It
consists of a VUV light source (in this case, the emission spectrum from an electric discharge in
molecular hydrogen), a 3-m VUV monochromator, a chamber where the gas to be studied is crossed
by the light exiting from the monochromator, some ion optics and a quadrupole mass spectrometer.
The apparatus operates windowless, with differential pumping, and hence can be utilized to much
higher photon energies. The VUV light is monitored by a bare photomultiplier, while the ions strike
another bare multiplier and are pulse counted. The data consist of ion intensity (normalized to light
intensity) as a function of wavelength, which we refer to as the photoion yield.

Experiments of this sort for stable gases can be performed routinely. Transient species present more
serious problems, because the number density is much smaller, and the methods of producing these
transient species may generate additional noise. We have prepared CH30 and CH20H by the reaction
of F atoms with CH3OH. Several previous studies have shown that H atom abstraction occurs at both
the C and O position. McCaulley et al.28 have recently studied this reaction, and review earlier results.

A schematic drawing of the apparatus for generating transient species in situ near the region of

photoionization has been described previously.?% In order to distinguish between CH,OH and CH30,

we have used isotopic variants of methanol, particularly CD30H and CH30D. With CD30H, CD;0+

gc]/curs3azt m/e = 34, and CD>OH* at m/e = 33; with CH30D, CH30* occurs at m/e = 31, CH20D*at
e =32.

1572




III. EXPERIMENTAL RESULTS

A. The F + CD30H reaction
1. CD,OH*, M33

The photoion yield curve of M33, presumed to be CD,OH* (CD,0H), displays at least 3 sloping ste]
like features. They correspond in energy (approximately) to the positions of the peaks in Dyke's?5
photoelectron spectrum of CD20H. Hence, the dominant ionization process appears to be direct
ionization. The half-rise of the first step occurs at 1644.3 1 3 A = 7.540 £ 0.006 eV, which we take
to be the adiabatic 1.P. of CD,OH. Dyke gives 7.55 £ 0.01 eV for this quantity. In Dyke's spectrum
(and also in ours), there is a weak peak (background in ours) at ~7.4 eV. In order to distinguish
between a still lower threshold and a hot band, we performed a simple quasi-diatomic Franck-Condon
calculation, assuming harmonic behavior and a frequency (presumed to be C-O*) of 1610 cm-1, taken
from Dyke. From the relative peak intensities, we calculate a change in bond length of 0.12 A.
Whangbo, et al.30 have computed a contraction of 0.13 A in the C-O bond length between CH,0H
and CHOH?*, in excellent agreement. Alternatively, if we assign the 0—0 peak as 0— 1, we can
calculate the intensity expected at the 0—0 position. The intensity of the weak peak at ~7.4 eV is
about a factor 5 lower than the predicted intensity and the overall fit for higher peaks becomes much
poorer. Hence, this weak feature is attributed to a hot band.

2. CD30, M34

The photoion yield curve of M34, presumed to be CD30+ (CD30), displays a broad underlying
“background," but an abrupt increase in ion yield occurs at 115591 0.9 A = 10.726 £ 0.008 eV.” We
take this to be the adiabatic I.P. of CD30. The underlying background has about the same shape as
CD,0OH* from CD20H, but is about a factor 20 weaker. A possible source of this background may be
the F + CD30H reaction itself, where some CD,0D may be formed. Beyond threshold, one can
observe sloping, step-like features with intervals of ~2400 cm-1, )

B. The F + CD30D, CH30D and CH30H reactions.

Some of these experiments are still in progress; consequently, these are preliminary results. The F +
CD30D reaction yields CD30, and photoionization produces CD30* with essentially the same onset as
obtained in the F + CD30H experiment. However, in the F + CD30D experiment CD20D is also
formed, and its subsequent ionization yields ion intensity at the same mass, but at Jower energy.
Hence, CD30 is identified as an increase in the photoion yield at m/c = 34, above that due to CD,OD*.

An adiabatic onset for CH30* is not observed at the wavelength expected in the F + CH30D and F +
CH30H experiments. Some ionization at m/e = 31 is observed at shorter wavelength (higher photon
energy). From zero point energy considerations,2! the adiabatic I.P. of CH30 should be the same as
CD30, within about 0.001 ¢V. Hence, the absence of CH30* at the expected wavelength implies that
it is unstable. In fact, HCO* is observed in this case, in the approximate abundance expected for the
decomposition CH30* — HCO* + Hj. The adiabatic I.P. of CH2OH is found to be 1641.5+ 1.3 A
= 7.549 £ 0.006 eV.

IV. DISCUSSION OF RESULTS

A. CHOH - CH0H*

The adiabatic I.P. of CH>OH obtained in this study (7.549 + 0.006 eV) is very nearly the same as that
reported by Dyke24.25 (7.56 + 0.0 eV) by photoelectron spectroscopy. Taking AH°; (CH;OH*)

<$172.0 £ 0.7 kcal/mol, we deduce AH°; (CH20H) < -2.1 x 0.7 kcal/mol, or AH®(,,, (CH,OH)
$-3.7 £ 0.7 kcal/mol, which is at the upper end of the range given in the Introduction.

f298
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B. CD30- CD30*

The LP. for CD30 obtained here (10.726 + 0.008 eV) is obviously very different from Dyke's25 7.37
+0.03eV. Dyke's experiment consisted of measuring the photoelectron spectrum of the pyrolysis
products from dimethyl peroxide. The spectrum is suggestive of a blurred CH2OH spectrum, but
further speculation on our part is unwarranted. If we take AH®;, . (CH30) = 4.0 + 1 kcal/mol, then
AH°J (CH30) = 5.9 1 kcal/mol, and AH°; (CH30*) becomes 253.2 * 1 kcal/mol (251.2 % | at
298°K). This latter value is within the range deduced by Burgers and Holmes26 (247 + 5) and
estimated by Ferguson, et al.27 (245 1 6 kcal/mol).

C. CH30* - CD30*

Our failure to observe CH30+, although CD30+ was observed, suggests that zero point energy
differences or tunneling could account for their relative stabilities. According to ab initio
calculations,21.31 the ground state CH)OH* potential energy surface is a singlet, whereas that of
CH30 is a triplet. Ionization of CH3O will strongly favor formation of CH30*, over CH2OH*, by
Franck-Condon considerations. However, CH30* will initially be formed more than 3 eV above the
ground state of CH2OH*, and above the thermochemical threshold for formation of HCO* + Hz
(which also represents a singlet surface). One can expect that there will be some crossing between the
triplet CH30* surface and the singlet surface. Spin-orbit interaction should permit some mixing
between the triplet and the singlet surface, and hence the crossing will become an avoided crossing,
resulting in a potential barrier. In its lowest vibrational staie, CD30* appears to be stable to
decomposition by barrier penetration (on a time scale of ~10-5 sec) whereas CH30+ is not. We look
forward to the results of future ab initio calculations, which may clarify this point.
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A TIME-DEPENDENT FLAME MODEL UTILIZING THE METHOD OF LINES
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ABSTRACT

We have developed a time-dependent flame model to interpret the
temporal evolution of various chemical species generated by laser
photolysis of a steady-state low-pressure (10 torr) CH,/0, flame. The
model includes the effects of diffusion, convection and elementary
chemical kinetics. The diffusion and convection terms are represented
by finite difference expressions in the species conservation equations
which reduce them to a stiff system of ordinary differential equations.
The latter system is solved as an initial value problem by Gear's
method. The initial conditions on the model are determined by a
photolysis mechanism which perturbs concentrations of the steady-state
flame. The computations demonstrate the importance in low-pressure
flames of mass transport and chemistry in the relaxation of the
perturbed state.

I. INTRODUCTION

This paper descrlbes a time-dependent flame model which utilizes
the method of lines (MOL)'. This model was developed to correlate time-
dependent relaxation measurements of steady-state CH,/O, flames
perturbed by laser photolysis. The conservation of wvarious chemical
species mass fractions (¥,) within the flame is described by a system
of coupled nonlinear part1a1 differential equations? (PDEs) which
depend upon the position, x, relative to the burner surface and the
time, t. This system of PDEs and the associated boundary conditions
are first discretized in the spatial variable by finite-difference
formulae. Thus, the system of PDEs is reduced to a system of coupled
ordinary differential equations (ODEs) in time. This system of ODEs is
readily integrated using Gears method.

The experiment to be modeled is the 193 nm excimer laser
perturbation of a 10 torr CH,/0, flame, & = 0.9. The OH and CH
concentration profiles as well as the temperature profile throughout
the flame have been previously reported for the steady-state flame.*
In this paper we present the results for OH following perturbation at
a position of 3 cm in the post-flame region. As a result of the 193 nm
perturbation, the OH concentration increases in the irradiated region.
Laser-induced fluorescence is used to monitor OH concentration as it
decays back to the steady-state value.

II. MODELING

A. Steady-state flame

We used a one-dimensional flame code’, referred to as PREMIX,
developed at Sandia for modeling premixed, laminar flames. The code
predicts steady-state species spatial profiles from a given set of
input variables which include: a chemical mechanism, total pressure,
inlet gas composition, mass flux, and a vertical temperature profile.
PREMIX uses CHEMKIN-II® and the Sandia thermodynamic data base’ to
calculate both forward and reverse chemical reaction rates as functions
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of pressure, composition and temperature. The mass fluxes due to
diffusion are computed from effective binary diffusivities® for the gas
mixture utilizing Sandia's Transport Code’ and the Lennard-Jones
parameters for the various chemical species in the mechanism. Thermal
diffusion (Soret effect) is neglected in the present calculations. The
boundary conditions are that the mass flux fraction of each specie be
specified at the origin and the spatial derivatives of each mass
fraction go to zero downstream of the flame region. We chose the
chemical mechanism of Miller and Bowman,'? deleting reactions involving
nitrogen. The resulting chemical mechanism consists of 33 chemical
species and 150 chemical reactions along with their rate parameters.

The equation governing the spatial distribution of the k' species
in a constant pressure, one-dimensional, laminar flame is

p(AY /8t) = @MW, - pu(dY,/3x) - dpYV,)/dx , (1)

where Y, denotes the mass fraction of the k' species (k=1,33), x the
spatial coordinate, t the time, p the mass density, W, the molecular
weight of the k* sPecies, ¢, the molar production rate by chemical
reaction of the k™ species per unit volume and V, the diffusion
velocity of the k'™ species defined by

Ve = Vv = u, (2)

where v, denotes the velocity of the k' species with respect to a

stationary coordinate frame and u, the mass-averaged velocity, is given

by

u(x) = L ¥ (x)V(x). 3
k

In a burner-stabilized flame, the mass flux (pu) is a known constant
and the molar production rates, &k, are dependent on the temperature,
pressure and composition. These rates are calculated from CHEMKIN-II.
The Sandia code solves the steady-state version of Egn. (1) via a
damped Newton method. If convergence difficulties are encountered, a
time integration procedure, based upon an Euler algorithm, is
implemented to provide a better estimate of the solution. Computations
have been carried out on a VAX 6310 computer, where typical
computational (CPU) time is less than 30 minutes.

B. TDFLM: Time-dependent flame model

The initial conditions following laser photolysis for the system of
ODEs depend upon specific assumptions about the flame and the
perturbation laser wavelength. 1In the post-flame region of our 10 torr
CH /0, flame only H,0 and O, have any appreciable absorption at 193 nm.
We observe a prompé formation of OH ground-state radicals which relax
back to the steady-state with a lifetime of 5 us. The increased OH, H,
and O concentrations and the decreased H,0 and O, concentrations from
their steady-state values can then be used as the initial conditions
for the time~-dependent calculation. 1In the present paper we consider
only water photolysis in calculating the initial conditions.

The steady-state flame solutions generated from PREMIX represent
the relaxed state of the perturbation experiments. The relaxation
after the perturbation is measured in real time and one must have an
accurate time-integration scheme to model the experiments. In the MOL
algorithm the spatial derivatives on the right-hand side of Egn. (1)
are replaced by finite-difference expressions, reducing the PDEs to a
system of ODEs for Y, (j,t). Each j corresponds to a specified spatial
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position above the burner surface. Thus, Egn. (1) becomes

dy,/dt = Chemistry - Convection - Diffusion, (4)
where .
Chemistry = wW,/p
Convection = uj[Yk(j,t)- Yk(j-l,t)]/[xj - Xjq]

Diffusion = [(p\lkvk)‘..”2 - (kaVk)i-l/zl/[xM/z = Xj.q4.2]

Pictorially, this method divides the one-dimensional flame into a
number of spatial slices, as represented in Figure 1. The center of
each slice corresponds to a particular height above the burner surface.
The temporal evolution of the chemical species is computed within each
slice along a line parallel to the time axis. This computation is done
by Gear's method using DGEAR,> an IMSL (International Math Science
Library) subroutine. The complete solution of these equations requires
appropriate boundary conditions and initial conditions. TDFLM computes
a starting set of mole fractions at time zero by first reading the
steady-state results from the PREMIX calculation for the corresponding
position in the flame. The code includes a photolysis mechanism which
can alter the concentration of one or more species. The boundary
conditions are chosen. to correspond to the steady-state PREMIX
calculation, i.e., mole fractions are specified upstream (at the burner
surface), and spatial derivatives vanish downstream (at the end of the
post flame region).

III. DISCUSSION

In the experiment we perturbed a position in the flame 3 cm above
the burner surface, which has a measured OH rotational temperature of
1770 + 60 K, using an ArF excimer laser. The laser beam was masked to
produce a measured width of 3 mm and an intensity of 4.0 + 3.2 J/cn®.
There is a 117 + 15% observed maximum OH concentration increase over
the steady-state as a result of the perturbation. This corresponds to
photolysis of 7.5% of the water at this height above the burner (based
on the PREMIX results). Using temperature dependent absorption
coefficients for H,0 and 0,,'' and an observed increase in OH of 117%
over the_steady-state, the excimer laser intensity is estimated to be
1.2 J/cm®. This estimate i's consistent with the experimental number.
Photolysis of 7.5% of the steady-state water concentration to produce
OH and H is utilized as input to the TDFLM code. Concentrations for
the perturbed condition are converted to renormalized mass fractions
for all chemical species by the - TDFLM code. The TDFLM code then
calculates the relaxation of the OH concentration back to the steady-
state solution. Figure 2 shows the experimental OH decay following the

193 nm laser perturbation (open circles). The experimental steady-
state solution is indicated by the filled square, with * 20
experimental uncertainty. As can be seen in Figure 2, the OH

concentration returns to its steady-state within 15 us. The filled
circles in Figure 2 are a least-squares fit of the experimental data to
a single exponential. Error bars on the least-squares fit are a t+ 1o
confidence limit. Figure 3 shows the results of the TDFLM calculation.
The axis on the left is the same as Figure 2. The right axis in Figure
3 corresponds to the calculated OH concentration. The filled circles
in this figure are taken from Figure 2. The dashed line in Figure 3
results from dropping the diffusion and convection terms in Egn. (4).
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This calculation predicts the OH concentration to decay to a value
which is larger than the PREMIX steady-state value. Separate numerical
calculations demonstrate that chemistry dominates the short time
relaxation., However, in the long time limit the purely kinetic
calculation predicts an eguilibrium concentration which is slightly
greater than the experimentally observed value.

The solid line in Figure 3 is calculated from Egn. (4) where terms
for diffusion, convection and <chemistry are included in the
calculation. The agreement between the calculated behavior and the
experimental observation is good. The binary diffusioncoefficient for
most gases at 1 atm pressure is on the order of_ 0.1 .cm?/s.'? The
diffusion coefficient increases with temperature (T3? dependence) and
is inversely proportional to pressure.' At 1770 K and 10 torr,
diffusion coefficients are on the order of 1000 cm’/s. Neglecting the
diffusion and convection terms in the calculation is equivalent to
assuming a homogeneous gas-phase reaction at 1770 K in a closed system.
The relative OH concentration decreases more rapidly when mass
transport effects are included in Egn. (4). 1In the long time limit
these terns contribute to a steady-state balance which lies within the
error bars of the experiment. At this position in the post-flame, the
OH concentration gradient is relatively small, and the net effects of
the transport terms is less than 10%.

Future studies will examine the effect of including the photolysis
of O, in the perturbation mechanism. Also, calculations to model
perturbation in the flame zone are planned. In the flame zone, large
concentration gradients make the transport terms more important and
essential for modeling the observed relaxation.
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F%gure 1. Schematic for the method of lines algorithm. Y, denotes the
k' species mass fraction at position j above the burner at time t.
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Figure 2. Relative experimental OH concentration at 3 cm above the
burner surface in a 10 torr CH,/0, flame as a function of time following
193 nm perturbation (open circles); Least-squares fit of the
experimental OH decay to a single exponential (filled circles);
relative experimental OH steady-state concentration (filled square).
Error bars on the least-squares fit are a + 1o confidence limit.
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Figure 3. Least-squares fit of the relative experimental OH

concentration at 3 cm above the burner surface in a 10 torr CH,/0, flame

as a function of time following 193 nm perturbation (filled circles,

left axis); relative experimental OH steady-state concentration

(filled square,left axis); TDFLM calculation with transport and

chenistry (solid line, right axis); TDFLM calculation with no transport

terms (dashed 1line, right axis). Error bars on the experimental '
steady-state represent + 20 experimental uncertainty. Error bars on

the least-squares fit are a + 10 confidence limit. The left and right

vertical axes have been chosen so that the relative experimental

steady-state concentration equals the calculated PREMIX value.
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ABSTRACT

The flame structure of composite systems containing ammonium perchlorate with particle size
< 50 um and carboxy-terminated polybutadiene binder, component ratio close to stoichiometric (84%
AP - 16% CTPB), was studied at a pressure of 8-10% Pa using the method of mass-spectrometric
probing. The temperature and concentration profiles of 17 stable flame components were determined.
Theoretical modelling of this flame structure was carried out by solving the differential equations
describing a reacting multicomponent gas flow, involving heat and mass transfer as well as the kinetic
mechanism, including 58 elementary steps and 35 components. Satisfactory agreement was achieved
between the experimental and calculated data on concentration profiles of most of the 17 stable
components and temperature. Rate constants of some little-studied or unstudied steps were estimated.
The data obtained may be used to develop a model of the combustion of solid propellants based on
ammonium perchlorate.

INTRODUCTION

The study of combustion mechanism at a molecular level is one of the most important problems
of the combustion theory of condensed systems (CS). The experimental results on flame structure
give the main information about the combustion chemistry, i.e., the kinetics and mechanism of
chemical reactions in the combustion wave.

Earlier we have formulated and followed an approach to the study of the combustion chemistry
of condensed systems (CS) which combines (a) experimental study of CS flame chemical structure by
mass-spectrometric probing with (b) theoretical modelling of this structure by solving equations,
describing the reacting multicomponent gas flow, and taking account of the multistep kinetic
mechanism.}-4 This approach has successfully been used to study the combustion chemistry of AP
and RDX,* which made it possible to determine the most significant elementary steps and to estimate
the rate constants of some little-studied or unstudied steps. In Reference 5, the above approach was
employed to study the combustion chemistry of a homogenized composite solid propellant (CSP),
containing ammonium perchlorate (AP) and polybutadiene binder with carboxy-terminated
polybutadiene (CTPB) in a 77% AP-23% CTPB ratio of the components (thereafter, this composition
will be referred to as composition No. 1) at 6:10% Pa. The aim of the present paper is to extend these
studies. The experimental results are proposed for the flame structure of homogenized composite
systems which are close to the stoichiometric ones.

EXPERIMENTAL

Experiments on flame structure were carried out at subatmospheric pressures (8-103 Pa) in a
helium flow by methods of mass-spectrometric probing of CS flames described in References 1, 2,
and 5. The experiments consist of the following: a burning strand of solid fuel is moved toward the
probe at a rate exceeding the burning rate, so that the probe is continuously sampling the gaseous
species from all the zones including that adjacent to the bumning surface. The sample is transported to
the ion source of a time-of-flight mass spectrometer. Mass spectra of the sample are recorded with
simultaneous filming of the probe and burning surface. The data allow us to identify stable
components and to determine their concentrations and spatial distributions, i.e., the flame
microstructure.

Apparata of two types have been developed for studying flame structure. In the first type
{which was used in this work), a sample is transported to the ion source as a molecular flow. In the
second type, the sample is transported to the ion source as a molecular beam.? A quartz cone (exterior
and interior angles of 20° and 40-45°, respectively) with an orifice diameter of 20 um was used as a
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probe; the outer tip diameter was 0.3 mm. The thermal flame structure was studied with the help of
microthermocouples (SiO2-coated platinum and platinum-rhodium wires, 0.02 mm in diameter, and
tungsten-rhodium wires, 0.02 mm in diameter) embedded in the propellant samples. A composition of
84% AP (particle size <50 um) and 16% CTPB (composition No. 2) was used. The sample density
was 1.5 g/cm, length - 15 mm, diameter - 8 mm. Cigarette paper served as armoured protection. The
burning rate was 0.33 mmys.

RESULTS AND DISCUSSION

Seventeen stable components (HCI, H20, CO, NH3, CO2, HCIO, NO, O2, H2, NO2, N2,
C4Hg, CoHa, ClO3, HCIO4, Clz, HCN) have been detected using mass-spectrometric probing.
Concentration profiles of components in the flame were determined from the experimental data. Asa
rule, the sensitivity coefficients were estimated from the results of inlet system calibration against
individual components. In some cases the mass spectra of combustion product samples and the
balance equations for elements were used to determine the HCN and HO sensitivity coeffecients.

Dots in Fig. 1 (a,b) denote the experimental results from the flame structure, i.e. the
dependences of component concentrations and of temperature in the flame under study, plotted as
functions of the distance to the buming surface. The data show that the products of CTBP
decomposition (C4Hg, NH3) are oxidized by those of AP dissociation and decomposition (C102,
HClO4 and HCIO) in the 1-mm zone of chemical reactions adjacent to the burning surface. These
reactions result in HCl, HCN, CaHp, NO, CO, and Hp. The O, concentration passes through a
maximum; that of Clp decreases monotonically. The ammonia concentration in the combustion
products decreases almost to zero, whereas in the combustion products of the fuel-rich composition
No. 1, the concentration of amimonia was about 3%.

In Fig. 1(a,b), the solid lines represent the results of flame structure modelling using a
stationary solution for the complete set of Navier-Stokes equations for reacting gas.* The experimental
values of temperature and component concentrations were used as boundary conditions. In our
calculations, we have used an abbreviated kinetic mechanism which involves 58 reversible steps and
35 components (Table 1),5 which satisfactorily described the flame structure from composition No. 1.
This mechanism has been isolated out of a complete one (258 reversible steps, 49 components).

Analysis of the data obtained shows that in the vicinity of the burning surface, the temperature
gradient and the combustion zone width are especially sensitive to variations in the reaction rate
constants of the following reactions:

NH2+ 02 — HNO+OH . [15]
CO+CIO - COx+Cl 57
CO+ClO; —» CO+CIO {58]

The most important step is the branching reaction 15. This reaction was studied experimentally in a
number of papers, and its rate constant is most often taken from the paper by Dean.6 However, to
reach an agreement between experiment and theory, a rate constant that is 30-times higher must be
used. In his recent paper, Dean’ proposed another way:

NH; + 02 —» NHx0+0

with the rate constant close to our value. There is a satisfactory agreement between experimental and
calculated results of the flame structure under investigation. A better agreement with experiment can be
achieved by increasing the rate constants for reactions 41 and 58 (see the Table) by 3 and 5 times.

Note that the preexponential factors of these reactions are about 10 times as large as those of the same
reactions used to calculate the flame structure of the composition No. 1 (with the equal rate constant of
the other steps). In order to describe the experimental data on the flame structure of the different
composition at various pressures, the mechanism presented in the Table should be improved. Having
anatyzed the data obtained, we can propose a scheme (Fig. 2) for the transformations of the main initial
components (NH3,C4Hg, HCIO4, C102) resulting from the reaction of oxidizer and fuel in the
condensed phase in the AP-CTPB flame. This simplified scheme allows one to understand the main
features of the chemical processes in the flame under consideration.
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Table 1. Rate coefficients in form k¢ = ATbexp(-E/RT), Ref. 5. Units are mol, cm3, sec, K and

cal/mol.

No. Reaction A b E

1. HC1O4 - ClO3 + OH 1.00E+11 0.0 39100
2 HCIO4 + HNO - ClOj + NO + H,0 3.00E+13 0.0 6000
3 HCIO4 + HCO - ClO3 + CO +H,0 5.00E+13 0.0 0
4 HCIO4 + HCO — ClO; + CO, + HyO 1.50E+12 0.0 0
5. ClO; —» ClO+0y 1.70E+12 0.5 0
6. Cl+O;+M > ClO;+M 6.00E+11 0.0 11200
7. ClIO+ NO — Cl+NO, 6.80E+12 0.0 311
8. CIOH+ CIO — Cl; + HO, 1.00E+14 0.0 10000
9. CIOH+ OH - ClO+ H,0 1.80E+13 0.0 0
10. HCl+ OH - Cl+H;0 5.00E+11 0.0 750
11. Cl,+H — HCl+C 8.40E+13 0.0 1150
12. NH; + CI0O — NHj; + CIOH 4.24E+11 0.5 6400
13. NH;3 + C1 —» NH; + HCl 4.50E+11 0.5 100
14. NH; + OH — NH; + H,0 1.00E+11 0.68 1100
15. NH; + O, - HNO+OH 6.00E+9 0.5 0
16. NH; + NO - N; + H,0 2.40E+11 0.0 0
17. NH; + NO — N;H + OH 6.00E+11 0.0 0
18. N2H+NO — HNO + N, 5.00E+13 0.0 0
19. HNO+ OH — NO +H;0 3.60E+13 0.0 0
20. HNO + O; — NO,; + OH 1.00E+13 0.0 10000
21. HNO+H - H;+NO 1.00E+12 0.5 900
22. NO+H+M - HNO+M 3.20E+15 0.0 -600
23. N2 + HO; — HNO +NO 8.00E+10 0.5 41800
24. NO+HOQO; — NO,+OH 3.00E+12 0.5 1800
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25.
26.
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46.
47.
48.
49.
50.
51.
52.
53.
54.
55.
56.
57.
58.
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n-C4Hs + HCl
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n-C4Hs + M
CsHs +H

C4Hg +H

C2H2 + C2H3
C2H3 + C2H2
C4Hs + HCI
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CH; + HCN +HCO
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Fig. 1a, b. Temperature and concentrations of stable components in the
studied flame vs distance to the burning surface: dots ~ experiment;
solid lines — calculation.
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Fig. 2. A scheme of chemical transformations in the AP — CTPB flame.
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Introduction

The combustion of boron containing fuels is of importance in propulsion systems because of
the potential large release of energy in going from boron to B,0;. The reaction scheme

2B(g) + 3/20, - B,05(8)
is exothermic by 467 kcal/mole. The potential energy release from boron containing fuels is
considerably greater than from liquid hydrocarbon fuels and from solid fuels containing metallic
aluminum. This has resulted in increased attention to fuels composed of liquid hydrocarbons with
boron particles suspended in a slurry. Calculations have shown this type of fuel to be an attractive
candidate for air breathing propulsion systems which are volume limited.

The calculated advantage of these fuels is based on the assumption of complete combustion to
water, carbon dioxide, and liquid B,0,. The combustion of boron containing fuels is a complex
process involving both heterogeneous and homogeneous chemistry. First, the boron particles must
be volatilized in heterogeneous processes to form gaseous boron containing species. These gas
phase species then undergo homogeneous gas phase oxidation to form a mixture of boron oxide and
boron oxyhydride species. The final step involves the condensation of the cooling product gases to
form liquid B,0,. There are two major limitations to extracting the desired performance of these
fuels which have been encountered. One is that boron fuel particles are coated with B,O,. This
limits the initial vaporization of boron particles since B,0, is difficult to remove either by
vaporization or chemical reaction. The second problem is that the condensation of the final
combustion products to liquid B,O, may be slow, especially if boron oxyhydrides are formed as
relatively long-lived intermediate species. For maximum efficiency of the combustion of boron
containing fuels to be achieved, both the oxidation of the boron particles and the condensation to
liquid boria must occur in the short residence time available in the system, typically less than 10* s.

Much attention has been focussed on these problems over the past several years. In this
article, the homogeneous gas phase oxidation of boron, boron oxides, and boron oxyhydrides is
discussed. In particular, the role of boron oxyhydrides as metastable species which contribute to the
reduction of the overall combustion rate is explored. Efforts to understand this aspect of boron
combustion have been hampered by the lack of basic thermodynamic and kinetic data on boron
containing species. Modeling studies have been undertaken treating the gas phase oxidation
step(1,2). This has helped to define some of the important species and reactions which require
further study. Experimental and theoretical studies have focussed on the basic thermodynamics(3-5)
and gas phase kinetics(6-10) of some of these systems. Using the results of these studies, the earlier
model of homogeneous boron assisted combustion has been modified. The impact on the overall
rate of combustion of these recent thermodynamic and kinetic measurements is discussed in this
article. Several additional key reactions which may also have a significant impact on the model
have been identified.
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Model

The model used for this study is based on CHEMKIN gas-phase subroutines(11) and the
SENKIN program(12) for predicting gas-phase kinetics with sensitivity analysis developed at Sandia.
The modeling calculations predict the time dependence of a homogeneous gas-phase reacting
mixture, based on a set of reversible or irreversible chemical reactions. As input, the code requires
thermodynamic data in the form of polynomial fits to the heat capacities for all the species included
in the mechanism. It also requires a list of all relevant chemical reactions, their rates, and initial
species concentrations. The output of the calculation is processed using SENKPLOT graphics
developed by D. Burgess of NIST.(13)

Species

The boron-containing species used in this model include B, BO, BO,, HBO, B,0,(0=B-
B=0), B,05(0=B-0-B=0), and HBO,(H-O-B=0). BH, BH,, and BOH were also included in
some cases. It is assumed that in order to obtain conditions where the B,O, coating on the boron
particles is volatilized (T > 1800K), the hydrocarbon fuel is already oxidized. As a result, the
H/O/C species used in this model include only H,, H, O,, O, OH, H,0, H,0,, HO,, CO, CO,,
and HCO. N, is included as a buffer gas, with total pressure of 1 atm.

Thermodynamics

The thermodynamic data base from Sandia(11) is augmented to include the boron
compounds(14). Recently, Page(3) determined the heat of formation of HBO to be -60 kcal/mole
using ab initio MCSCF with multireference CI techniques. This value of the heat of formation
means that HBO is considerably more stable than was previously thought. The most recent JANAF
recommended value for the heat of formation was -47.4+3.0 kcal/mole(15). This difference has an
impact on the overall boron combustion since HBO becomes a potential metastable species which
could act as a bottleneck, preventing rapid combustion to B,O; which is necessary for efficient
energy release on the required timescale. The thermodynamic data base has been modified to
include the polynomial fit to the thermodynamic properties as determined using statistical mechanics
from the geometries, vibrational frequencies and heats of formation calculated by Page for HBO(3).
In addition, BOH has been added to the thermodynamic data base, with the values determined in a
similar manner.(5)

Kinetic Mechanism

A schematic diagram of the gas phase boron combustion pathways is shown below, which
includes only the major species and the pathways which make the largest contributions to their

production rates.

CO,. 0, HBO
BO =————* BO,————— B,0;
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For our detailed kinetic mechanism, several modifications to the mechanism of Yetter, et al.(1) have
been considered. All the elementary reactions included in the different mechanisms are listed in
Table 1. The rates are tabulated in the form k(cm*mol™'s™") =AT"xp(-E&/RT). Many of the rate
constants for reactions of the boron containing species are taken from reference 1. Most of these
values are estimated, since only a few detailed experimental or theoretical values are available. The
list of elementary reactions for the hydrogen, oxygen, and carbon species is from Yetter, Dryer, and
Rabitz(16) with rates updated to reflect the more recent recommended values of Tsang and
Hampson(17).

The change in the heat of formation of HBO results in several exothermic reaction pathways
which were previously considered to be endothermic. In particular, the reactions of
BO+H,»HBO+H and BO+OH-»HBO+0O are now calculated to be exothermic. The rate of
BO+H, reaction has been measured in our laboratory and the rate of BO+OH has been calculated
from transition state theory. The reaction of B,0,+H—+BO+HBO is also calculated to be
exothermic.

Reactions of B with oxidants have been measured at room temperature by DiGiuseppe and
Davidovits(18,19). Oldenborg and Baughcum(20) have measured the rate of the B+0, reaction at
higher temperatures. Recently, in our laboratory, rates of the reactions of BO with H,(6) and O,(7)
have been measured at temperatures up to 1000K. Transition state theory has also been used to
characterize the reactions of BO+H,(3,6) and BO+0,(7). These experimental rates are included in
Table 1. We have also used transition state theory to characterize the reaction of BO+0OH,

The remainder of the rate constants are estimated. The rate of reaction of
B,0,+H=BO+HBO is determined by comparison to other B,0, reactions as estimated by Yetter,
et al.(1) Several additional B and BO, reactions have been added, primarily to include boron
hydrides in the kinetics. The rates are determined by analogy to similar reactions listed in reference
1. Reactions of BH have also been included in some of the test mechanisms. The rates of BH with
0, and H,0 have been measured in our laboratory at temperatures up to 750K.(8) The rate of BH
with CO, has only been measured at room temperature.(9) We assumed the same activation energy
for O, and CO, reactions. The remainder of the BH reaction rates were estimated. BH, is not
expected to play a major role in boron combustion; we have included a rate for the hydrogen
abstraction from BH, by BO in the model which is similar in magnitude to other BO hydrogen
abstraction rates.

Reactions have also been added to the mechanism to include the formation and reaction of
BOH. Although this radical is not as stable as HBO, it may have a role in the combustion of boron.
Rates were determined by comparison to similar reactions involving HBO and BO.

HBO reactions with O, and H,0 to form HBO, have been added. Several different rates for
these reactions have been investigated in alternative mechanisms. The rates of these reactions listed
in Table 1 are taken to be the same as Yetter, et al.(1) include for HBO+OH=HBO,+H.
However, the reactions of HBO with O, and H,O involve more rearrangement than the substitution
reaction of HBO+OH=HBO,+H. Consequently, the rates may be slower.

Additional reactions of BO, abstracting hydrogen from HBO and HCO have also been
included with rates analogous to the BO,+OH and BO,+H, reactions which were included by
Yetter, et al.(1) A competing reaction for BO,+HBO=B,0,+H was also included.

Additional HBO, removal pathways by reaction with BO and HBO to form B,0; have been
added to the mechanism. The reaction with BO can proceed by substitution and its rate is
determined by analogy to other similar substitution reactions included in the mechanism. The
reaction with HBO is a four center reaction and might be expected to be slower.

Several additional oxidation pathways for B,O, - B,0; have been added to the mechanism
with rates of 6x10" cm®mol s, Their actual rates may be slower since these reactions would
involve considerable rearrangement of an intermediate.
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Results

Several different initial conditions have been considered in order to probe the effects of the
different mechanisms and the importance of various reactions on the overall rate of boron
combustion. The set of initial conditions listed in reference 2 which were derived from equilibrium
calculations on a fuel rich mixture of JP4 and B(s) in air has been used. In addition, initial
conditions which test the effects of all the boron being in either the form of HBO or BO have been
investigated. The effects of assuming either complete hydrocarbon oxidation with H,O and CO, as
the hydrogen and carbon species or incomplete combustion with CO and H, as initial species have
also been investigated.

In addition to the different initial conditions, several modifications to the mechanism which
reflect the additional reactions discussed in the previous section have been studied. The first
modification to the model used by Yetter, et al.(1) included the more recent thermodynamic values
for HBO and the measured rates of reaction for BO+H, and BO+0,. The result of these changes
is to slow the overall rate of boron combustion, although the final ratio of the concentrations of the
boron containing species remains similar. In addition, HBO is shown to be a potential bottleneck in
the overall combustion, as can be seen in figure la.

This model can be modified by the inclusion of additional HBO removal processes. Adding
the reactions of HBO with O, and H,0 increases the rate of boron combustion significantly. If the
rates are on the order of 10'% cm®mol's!, HBO is no longer a metastable species slowing the boron
combustion, but instead rapidly converts to HBO,, as shown in figure 1b. An analysis of the rate of
production of HBO and sensitivity analysis of the combustion process show that these reactions are
important and may in fact be controlling, especially HBO+0,=HBO,+0.

Adding BH reactions has little effect on the overall boron combustion rate since there are
few effective pathways to formation of BH under these conditions. Adding reactions involving BOH
has no major effect on the overall rate of combustion, although it does play a significant role in the
depletion mechanism for BO. BOH is expected to be rapidly oxidized to HBO,.

Conclusions

The model for boron combustion has been updated to include recent experimental
measurements and theoretical calculations of basic thermodynamic and kinetic data. An examination
of the effects of these changes on the overall combustion rate, the production rates of the individual
species, and sensitivity analysis has shown that there remain several key reactions which are in need
of further study. In particular, reactions of HBO appear to be critical to the overall combustion
scheme.
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